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Optoelectronic devices that effectively manipulate and manage light are of great interest in 
multiple fields, particularly in photovoltaics (PV) as a way to absorb and convert light into 
electricity.  On the other hand, display technologies exploit optical materials and optoelectronics 
to efficiently extract light from an emissive component.  Regardless of industry, similar 
principles guide the research of these devices and can be utilized to improve upon existing 
designs or generate new, unique designs.  This dissertation focuses on high performance 
optoelectronic devices for both PV and emissive display applications that employ similar 
principles to optimize optical pathways within the respective device design.   
We first explore ultrathin semiconductor designs that reduce costs of expensive materials and 
processing.  Silicon solar microcells are re-designed to account for high series resistance and 
poor absorption.  A back contact design significantly reduces the series resistance within the 
solar microcell and allows for an anti-reflection coating on the front surface to drastically 
improve the absorption of incident irradiation.  Strategies for an improved concentration design 
are then explored that implement traditional lenses for concentration of direct light at high 
concentration ratios.  Collection of diffuse light is then achieved through a luminescent solar 
concentrator (LSC) in the backplane of the lens array, contributing to additional achievable 
power on both clear and cloudy days. 
The improved solar microcells are then integrated with a low power density application, a 
self-powered electrochromic, or “smart” window.  Here, the microcells are shown as an 
exemplar high performance and relatively transparent PV material to power such a window.  
Processes for fabrication of the self-powered electrochromic window are considered for 
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scalability and ease of integration into industrial applications.  These include sol-gel methods for 
preparation of active, electrochromic films and the ability to do processing on flexible substrates.  
The latter enables transitory capabilities as well as the possibility to include an adhesive for 
active retrofitting to existing windows.  An electrochromic film powered by the Si microcells is 
demonstrated with transmission modulation on the order of 46%. 
Finally, we show a design for an emissive cavity to replace absorptive color filters in a liquid 
crystal display (LCD).  Strategies from LSCs are exploited to design the emissive component, 
quantum dots embedded in a polymer waveguide.  The quantum dots used here have high 
quantum yields and narrow bandwidths, which are necessary if an RGB display is to be realized.  
Additionally, the Stokes shift of the quantum dots is large, which reduces reabsorption events 
within the polymer waveguide.  The waveguide is then integrated into a reflective cavity that 
reflects luminesced photons (especially those emitted from the edge of the waveguide) towards a 
small top aperture.  High extraction efficiencies are achieved with this design and a micropixel 
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CHAPTER 1: INTRODUCTION 
 
1.1. Micro- and Nanomembranes for High Performance Optoelectronic and Electronic 
Devices 
Single-crystalline semiconductors provide the basis for high performance electronic and 
optoelectronic devices with their high mobilities and known pathways for integration into such 
devices.  New forms of function and unique attributes are realized when these single-crystalline 
semiconductors are thinned down to micro- and nanometer thicknesses including flexibility and 
transitory capabilities.
[1]
  The ability to fabricate multiple generations of electronic devices on a 
single wafer is also of significant interest in terms of cost and is enabled by ultrathin 
semiconductor devices.  Examples of such semiconductor membranes include wearable 
electronics,
[2]
 ultrathin concentration photovoltaics,
[3]
 and flexible arrays of light-emitting diodes 
(LEDs).
[4]
  These constructs maintain the high quality of a single-crystalline inorganic material 
and are superior to typical choices for flexible electronics (i.e., organic or polymeric materials), 
in which their performance suffers due to low carrier mobilities.  
Mechanical flexibility and transient capabilities of the semiconductor membranes are further 
enabled through deterministic assembly of such rigid, solid “inks” that can be picked up and 
printed onto a softer (e.g., polymeric) substrate.  This separates the harsh processing conditions 
necessary for fabrication of single-crystalline devices from the desired final substrate.  
Deterministic assembly relies on a viscoelastic stamp that is able to access regimes of picking up 
and printing dependent on the applied peeling velocity.  These regimes can be seen in Figure 
1.1.a, where an ink (shown in red) is transferred from its source substrate (black, Fig. 1.1.a.i) to 
the final, desired substrate (blue, Fig. 1.1.a.ii).  The critical energy release rate, Gcrit, between the 
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viscoelastic stamp and the solid ink depends on the peeling velocity, v, which in turn determines 
the pick-up and printing regimes of the system (Fig. 1.1.b).  The energy release rates for the ink 








Deterministic assembly has been developed extensively
[5]
 and the ability to transfer single-
crystalline, high quality devices onto nearly any desired substrate has been vital to the success of 
semiconductor membranes in enabling their novel mechanical properties and applications. 
As a distinct class of membranes, optical materials and optoelectronics have significant 
impact as they reach thinner dimensions.  For example, flexible solar arrays are enabled through 
ultrathin silicon solar microcells.
[3c, 3d]
  The following sections describe the integration of high 
performance, high quality optical membranes into applications that are either enabled by and/or 
require thin materials.  
 
1.2. High Quality Optical Membranes 
1.2.1. Ultrathin Photovoltaic Materials 
There are many examples of ultrathin photovoltaics that are motivated by reduced materials 
consumption and therefore lowered cost to ultimately reach grid parity.
[3a, 3b, 3d, 6]
  Strategies to 
fabricate such thin geometries include techniques such as epitaxial lift-off and anisotropic 
etching to undercut the finished device and transfer print onto the desired substrate.  High 
efficiency single-junction GaAs solar cells with record efficiencies of 28.9% are produced by 
Alta Devices,
[7]
 using thin GaAs devices prepared using epitaxial lift-off.  Furthermore, these 




  Silicon solar 
microcells can be prepared using an anisotropic etchant to undercut the microcells from the 
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source wafer and efficiencies of 7.2 – 13.7% have been achieved for these solar cells with 
thicknesses of less than 40 μm.
[3a, 3d, 6b]
  Multi-junction (MJ) solar cells can also be fabricated 
relatively thin and provide a route to exceed the Shockley-Queisser limit.
[9]
  For an infinite 
number of bandgaps, theoretical efficiencies of MJ solar cells are as high as 68.2%,
[10]
 a number 
that has motivated research towards this goal.  MJ solar cells, however, are burdened by current 
matching limitations and lattice matching and therefore are typically limited to three junctions. 
One design mitigates these complications by implementing a high efficiency three-junction solar 
cell and mechanically stacking a Ge single-junction cell to create a four-junction, four-terminal 
design that achieves an efficiency of 43.9% at 1,000 Suns.
[3b]
  These designs illustrate the unique 
opportunity within photovoltaics to create ultrathin designs with high efficiencies that can not 
only reduce associated costs but also introduce mechanical properties not realized such as 
flexibility and lightweight characteristics.   
 
1.2.2. Photoelectrochromic Devices for Energy Efficient Buildings 
 Thin photovoltaics can further be utilized to power electronic devices that require some 
range of variable mechanical and optical properties.  For example, electrochromic (EC) films are 
widely used to control the transmission of solar flux into buildings.  Using solar cells to power 
this EC film is intuitive but there are certain requirements for which typical thick and rigid solar 
cells would not be ideal.  Self-powered electrochromic devices, so-called photoelectrochromic 
(PEC) devices, typically turn to solar materials that are transparent in the visible,
[11]
 larger dye-
sensitized photovoltaics that are either relatively transparent or placed in the periphery of the 
device,
[12]
 or semi-transparent amorphous silicon PV.
[13]
  These devices show switching times on 
the order of a few minutes or less, some less than 10 seconds,
[11b]
 where minimal power is 
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needed to sustain the bleached or colored state of the EC film after this period of initial 
switching.  The additional power can then be collected and utilized for auxiliary applications 
such as lighting.
[12a]
  Strategies for transparent PV and peripheral PV rely on organic or 
polymeric materials that tend to degrade on much shorter lifetimes than that of single-crystalline 
materials.  Amorphous silicon does have a longer lifetime as compared to polymeric and organic 
materials; however, the transmission in the visible is only 60 – 80%.  Utilizing the single-
crystalline, ultrathin photovoltaics described above, sparse arrays of small solar microcells can 
exhibit high transparency and produce enough power to convert the EC device from a bleached 
to a colored state.  Further, these sparse arrays can be transfer printed onto polymeric substrates 
that enable the PEC film to be flexible, providing the opportunity for films that can be rolled up 
and stored or transferred and shipped readily without easily fracturing and breaking as well as 
opportunities for retrofitting these films onto existing windows. 
 
1.2.3. Thin Films for Display Technologies 
In addition to the solar industry, display technologies are motivated to prepare thinner films 
and displays that ultimately use less power to operate.  Liquid crystal displays (LCDs) are the 
leading technology in the display market and reducing thickness of LCD panels relies on 
improving the extraction of the backlight in efficient ways.  Use of absorptive color filters 
hinders this in an extreme manner and there are many efforts towards either improving or 
replacing these filters.
[14]
  An additional loss incurs with the use of polarizers within the display.  
Combined with the color filters, the optical efficiency of LCDs is only 5 – 7%.
[14c, 15]
  
Alternatives to LCDs include organic light emitting diodes (OLEDs) and quantum dot light 
emitting diodes (QLEDs).  The notion to use quantum dots as a QLED display was first 
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introduced in 1994 by Alivisatos and coworkers.
[16]
  The quantum dots here are utilized in a 
heterojunction with an organic polymer as an emissive display component.  Recent work 
improves upon low QLED efficiencies and high turn-on voltages by optimizing the charge-
transport interlayers and displays turn-on voltages of 1.7 V and external quantum efficiencies of 
20.5%.
[17]
  Full color quantum dot displays are further being researched through innovative 
techniques of solvent-free transfer printing as a next step towards fully integrated QLEDs.
[18]
  As 
an emissive display technology, OLEDs are another competing display technology that hold 
promise for very thin, flexible displays.
[19]
  The first proposal of an OLED device dates back to 
1987.
[20]
  Since then, efficiencies have greatly improved, and mass production of OLED displays 
has been realized.  Current work on OLEDs involves improvement of the contrast ratio and 




1.3. Silicon Photovoltaics 
1.3.1. Silicon Solar Cell Designs and Record Efficiencies 
Single-crystalline silicon solar cells are the most common type of solar cell sold 
commercially; 2011 attributes 85% of the total photovoltaic (PV) cell world market to silicon.
[22]
  
Record efficiencies of single-junction silicon PV have climbed to 26.7%,
[7, 23]
 encroaching on the 
theoretical maximum of 29% calculated by Shockley and Queisser.
[9]
  This design implements an 
interdigitated back contact (IBC, Fig. 1.2.a) scheme to reduce series resistance within the cell 
and utilizes a heterojunction of amorphous silicon (a-Si) and crystalline silicon (c-Si) for optimal 
front surface passivation and optical absorption.  Previous strategies to achieve record 
efficiencies use designs including passivated emitter rear contact (PERC, Fig. 1.2.b)
[24]
 and 
passivated emitter, rear locally-diffused (PERL, Fig. 1.2.c) cells.
[24c, 25]
  Overall, strategies to 
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increase efficiencies focus on increased light absorption, maximized carrier collection, 
minimized recombination, and minimization of resistive losses to efficiently collect current.  
Examples of implemented strategies include anti-reflection coatings and textured surfaces of Si 
PV to increase absorption at the front surface,
[3a, 6b, 24c, 26]
 coatings (e.g., thermal SiO2) for surface 
passivation of dangling bonds to reduce surface recombination,
[6b, 27]
 and back contact designs to 
reduce series resistance.
[3a, 6c, 23, 28]
  These are key design attributes to optimize when fabricating 
Si PV, specifically for concentrator cells as described below. 
 
1.3.2. Silicon Concentrator Photovoltaics 
One way to increase the efficiency of solar cells is to integrate them into a concentrator 
design.  Here, increased irradiation corresponds to a linear increase in the short-circuit current 
density, JSC, and a logarithmic increase in the open-circuit voltage, VOC: 
 𝐽𝑆𝐶
′ = 𝐽𝑆𝐶𝑋 (1.1) 
 𝑉𝑂𝐶
′ = 𝑉𝑂𝐶 +
𝑛𝑘𝑇
𝑞
𝑙𝑛 𝑋 (1.2) 
where n is the ideality factor, k is Boltzmann’s constant, T is temperature in Kelvin, q is the 
charge of an electron, and X is the concentration ratio.  The increased efficiency originates not 
from the linear increase in JSC, but from the logarithmic increase in VOC because the linear 













where FF is the fill factor of the solar cell and Pin is the input power incident on the solar cell. 
Designs for concentrator photovoltaics (CPV) are similar to those mentioned above, 
however, the increased current density puts an additional constraint on the minimization of 





R), it is vital to minimize the series resistance within the cell design.  Back contact 
designs are a popular choice for Si CPV as the contacts can be made rather large without 
inducing shadowing losses.
[3a, 28a, 28d, 28e, 29]
  Additionally, laser grooved buried contacts provide a 
route for bifacial contacts that also optimize the electrical and optical losses simultaneously.
[29-30]
  
Efficiencies of 20 – 22 % under moderate concentration (i.e., 10 – 50 Suns) are realized with 
laser grooved buried contacts
[30b-e]
 and efficiencies upwards of 27% at 100 Suns are realized with 
back contact designs.
[31]
  Microcell designs can also be optimized for concentration, using 
similar contact schemes.  The low power output and low efficiency of microcells is mitigated 
through concentrator designs, and high power densities at high concentrations can be realized 




1.3.3. Challenges for Silicon CPV and Alternative Designs for Concentrator Systems 
A continued challenge for photovoltaics in general is cost.  Increasing efficiencies with 
concentration alleviates a portion of this concern, however, reducing cost in solar modules is 
always beneficial.  Geometric concentrators are heavy and necessitate expensive tracking 
equipment and complicated installation, decreasing their appeal for large-scale integration.  One 
alternative design, the luminescent solar concentrator (LSC), is not limited by the étendue 
conservation law as passive optics for geometric concentrators are and can collect diffuse as well 
as direct light.  This eliminates the need for expensive tracking equipment.  An LSC is composed 
of a polymer waveguide with a luminescent material embedded in the matrix, as seen in Figure 
1.3.  The luminophore absorbs incident light and emits photons into the waveguide, which are 
trapped via total internal reflection (TIR) within the waveguide and directed towards the solar 
cell (typically on the edges of the waveguide).
[32]
  The luminophore used is vital to the success of 
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the LSC, as reabsorption and low quantum yields are major contributors to losses in LSCs.  To 
this end, quantum dots have been used to achieve high concentration ratios of 30 in reflective 
cavities that further mitigate other losses associated with LSCs.
[33]
  As an alternative to 
geometric concentrators, LSCs are cost-effective and have high theoretical concentration ratios.  
Current research aims at minimizing parasitic losses of LSCs to achieve the high theoretical 





1.4. Electrochromic Windows for the Built Environment 
Smart windows offer the ability to dynamically tune the transmission of solar flux into 
buildings, allowing specific control over the necessary heating, ventilation, and air conditioning 
(HVAC) demands of the building.  This is in contrast to typical double- or triple-paned windows 
that might use coatings such as thin silver films (i.e., glazed windows) to retain or reject solar 
heat flux, which are completely static and do not change with the seasons or variable weather 
conditions.  HVAC needs represent a large portion of the energy demands in the United States at 
nearly 40%.
[11a, 34]
  Smart windows have the potential to substantially reduce this dependence and 
can even be integrated with photovoltaics, as mentioned above, to provide self-powered smart 
windows.  It is suggested that integration of smart windows could reduce building energy needs 
by 40%.
[11a, 35]
  EC devices are the most promising for smart windows as they encompass 
materials with a broad spectral range of tunability and can be easily switched on/off depending 
on the user’s needs.  Below, the operation of EC devices is summarized along with specific 




1.4.1. Electrochromic Device Operation and Performance Metrics 
An EC device comprises three basic layers: an EC film, an electrolyte, and an ion storage 
film, all of which are sandwiched between two transparent electrodes.  This system changes 
either the absorbance or reflectivity from an applied bias, usually through a Faradaic process 
(i.e., redox reaction).  Performance of EC devices is characterized by switching times between 
the colored and bleached states, maximum modulation of transmission (ΔTmax), coloration 
efficiency, cycle life, and write-erase efficiency.  Switching times are defined as 90% of the 
maximum modulation in transmission, or 0.9 ∙ Δ𝑇𝑚𝑎𝑥, and should be on the order of a couple 
minutes, ideally under one minute.  The coloration efficiency, η, is then the change in absorbance 





where ΔOD is the change in optical density and Q is the injected charge.  This is a material 
property of the EC film and is wavelength dependent.  The write-erase efficiency is the fraction 
of the originally colored film that is subsequently bleached and should lie near 100%.  The cycle 
life follows as the number of write-erase cycles that can be ran prior to significant degradation.  
In addition to these performance metrics, smart windows must appeal to aesthetics.  The 
bleached state must be substantially transparent and not cloudy or hazy and likewise, the colored 
state should be an aesthetically pleasing color (i.e., neutral) with minimal scattering.  EC 
materials are described below that ascribe to these requirements and have been demonstrated to 
display noteworthy performance metrics. 
 
1.4.2. Electrochromic Materials 
Transition metal oxides are a popular choice for an EC material and include transition metals 
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such as cerium, cobalt, iridium, iron, molybdenum, nickel, rhodium, titanium, tungsten, and 
vanadium.
[36]
  Other EC materials include viologens, conjugated polymers, and metal 
coordination complexes such as Prussian blue.
[11a, 36-37]
  These materials are differentiated by 
their physical states in either a reduced or oxidized state, where, for example, the viologen N,N’-
dimethyl-4,4’-bipyridylium (methyl viologen) is soluble in both the reduced and oxidized states.  
Solution-based EC devices, however, are burdened by necessary encapsulation and additional 
forms of enclosure that ultimately add to the weight and cost of a final device.  Solid-state EC 
devices are superior in this regard and include materials such as the transition metal oxides, 
conjugated polymers, metallopolymers, and Prussian blue.  Additionally, these materials only 
require an initial charging current and then display optical memory where a low background 
current is sufficient to maintain the state.  Here, we choose to focus on transition metal oxide 
materials as they have been shown to produce devices with high coloration efficiencies and cycle 
life. 
 
1.4.2.1. Tungsten (VI) Oxide 
Tungsten (VI) oxide, WO3, has been studied extensively as an EC material.  It was first 
observed to change color upon reduction with hydrogen gas in 1815
[36]
 and later was realized in 
an EC device in 1969 by Deb.
[38]
  Here, the bleached state corresponds to W
VI
 and the colored 
state corresponds to the reduction, or W
V
, where the oxide film turns a deep blue color.  The 
reaction with lithium ions can be written as follows: 









The origin of the absorption in the lithiated, or reduced, W
V 
is debated but is believed to 
come from intervalence charge transfer at low x values and at higher x values insertion of 
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univalent metal atoms becomes irreversible and forms a red or golden metallic bronze.
[36, 39]
  Deb 









) insertion, some 
W
VI
 is reduced to W
V










Many WO3-based EC devices are prepared from thermal evaporation techniques, but there is 
a large motivation towards sol-gel prepared WO3 films.  Solution-based preparation methods are 
more amenable to scale-up than thermal evaporation methods and allow for a level of tunability 
during processing.  There are two main pathways for preparation of a WO3 sol: (1) digestion in 
aqueous H2O2 or (2) formation and subsequent hydrolysis of a tungsten alkoxide.
[40]
  The first 
uses tungsten, tungsten carbide, or tungsten oxide powder and digests it in aqueous H2O2 to 
produce the peroxotungstic acid.  The acid is then dissolved in a mixture of alcohol and 
carboxylic acids for deposition and the acid decomposes to WO3 upon an anneal above 200°C.  
The second method uses the chloroalkoxide, WOCl4, and dissolves the powder in alcohol to 
produce the oxychloroalkoxide, WOCl4-x(OR)x.  This can be deposited onto the desired substrate 
and readily hydrolyzes in the ambient humidity; an anneal above 150°C drives off the alcohol 
product. 
Considering the large knowledge base for WO3 and its well-characterized electrochromic 
properties, many EC device prototypes have been developed using WO3.
[13a, 39, 41]
  Coloration 




 are consistently achieved with transmission modulation 
greater than 40%.
[41c, 42]
  The consistency and reliability of WO3 along with its ability to regulate 




1.4.2.2. Vanadium (V) Oxide 
As a complementary EC material to WO3, V2O5 has been studied in depth not only as an ion 
storage layer for EC devices
[13a, 36, 43]
 but also as a lithium ion storage material for lithium ion 
batteries.
[44]
  The latter knowledge base is focused heavily on improving lithium ion diffusion 
within the material and includes strategies for structuring and doping,
[44b-d]
 both with lithium and 
other metal centers.  V2O5 as-deposited is in its colored state, a yellow-brown shade, and upon 
reduction transitions to its bleached state, a pale blue.  The reaction with lithium ions is as 
follows: 









Films of V2O5 can be deposited via thermal evaporation, however, similar to the WO3 films, 
sol-gel methods are beneficial with regard to scalability and tunability.  The isopropoxide, 
VO(OC3H7)3, can be mixed with alcohol, acetic acid as a catalyst, and water to hydrolyze the 
isopropoxide, and then deposited on the substrate and annealed to drive off the alcohol product.  
Similarly, V2O5 powder can be digested in H2O2, which produces the polyvanadic acid gel that 
then forms a hydrated, layered V2O5 ∙ H2O.
[40]
  There are many examples of EC devices using 
V2O5 as an ion storage layer
[13a, 35a, 36, 41a, 41d, 45]
 and use of the vanadium film as the EC material 
is generally used to assess the properties of an optimized film.
[43a, 43d, 43e, 43g, 46]
  For example, 
switching times as little as 3 – 6 seconds are reported using PEDOT as the EC material in liquid 
electrolyte,
[43d]
 and optimization of the annealing time for the V2O5 films results in coloration 










   
 
1.4.2.3. Other Electrochromic Transition Metal Oxides 
As mentioned above, transition metal oxides such as MoO3, IrO2, NiO, TiO2, and Nb2O5 also 
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exhibit electrochromaticity. They typically exhibit lower coloration efficiencies and low 
durability as compared to the above transition metal oxides.
[35a, 36, 40, 41c, 47]
  Strategies to improve 
coloration efficiencies including mixing with WO3 and structuring the metal oxide film to 
facilitate ion diffusion.
[41c, 47a, 47b, 48]
  Nanostructuring transition metal oxides, or using 
nanoparticles, is of great interest as a counter electrode to WO3 for a device with fast switching 




1.4.3. Challenges for Electrochromic Devices 
Large-scale integration of smart windows, specifically EC windows, is still a challenge 
largely due to cost.  Smart windows are sold at > $40 per square foot and ideally would be 
competitive at < $20 per square foot.
[35a]
  In addition to the inherent cost of the windows, the 
extra burden of replacing existing windows further inhibits their large-scale integration.  
Fabricating all solid-state devices is a first step in reducing the raw materials in the actual device 
and can also be adapted into flexible designs.  Additionally, creating a self-powered EC window 
can mitigate complicated wiring and installation of the smart windows.  Chapter 4 addresses 
these concerns by discussing a prototype for a flexible, PEC device that can be adapted with an 
adhesive on one side to enable a “smart film” that can be retrofitted onto existing windows.   
 
1.5. Liquid Crystal Display Technologies 
1.5.1. Liquid Crystal Display Operation 
A schematic of the operation of a typical transmissive LCD display panel is shown in Figure 
1.4.
[49]
  As the name suggests, transmissive LCDs do not emit light, rather they modulate it and 
transmit light from a backlight source (i.e., a white LED).  Liquid crystals are employed, 
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typically twisted nematic liquid crystals, that can be controlled through thin-film transistors 
(TFTs), polarizing the emission to either transmit it (left, Fig. 1.4) through the next polarizer or 
to block it (right, Fig. 1.4).  Transmitted emission passes through absorptive color filters to 
create a single pixel of a display. 
 
1.5.2. Challenges for Liquid Crystal Displays and Opportunities for Increased Efficiencies 
As mentioned above, the optical efficiency of LCDs are quite low, 5 – 7%.  To combat this 
low efficiency, work on polarizing color filters utilize gratings to separate colors in place of 
absorbing filters, which reflect the light that is not transmitted.
[14c, 14f]
  This leads to an 
enhancement in the optical efficiency of LCDs by 2.5x.
[14c]
  Replacing the absorptive color filters 
with reflective multilayer stacks is also a promising option.  Strategies to decrease the angular 
sensitivities that typically burden such technology replace common oxide materials with high 
refractive index materials in an unsymmetrical resonant cavity.
[14g]
  A third strategy uses 
plasmonic absorption in metal-insulator-metal configurations and aims at combating the 
longevity of current color filters that are based on organic dyes with short lifetimes and 
temperature sensitivity.
[50]
  Another strategy is to replace the absorptive color filters using 
quantum dot-polymer films in an optical microcavity to achieve exceptionally high extraction 
efficiencies. 
Another area of opportunity of improvement is in the reduction of LCD panel thickness.  
Integration of LEDs as the backlight source in place of cold cathode fluorescent lamps has 
enabled streamlined, thinner displays.  Blue-emitting InGaN LEDs are typically utilized that 
have a yellow-emitting, down-converting phosphor (i.e., cerium-doped yttrium aluminum garnet) 
placed on top to produce white light.  This technology, however, limits the achievable color 
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gamut due to the phosphor’s broad emission spectrum and only covers 50% of the new Rec. 
2020 standard for ultra-high-definition televisions.
[51]
  An alternative approach replaces the 
phosphor with quantum dot films, which have very narrow bandwidths and high quantum 
yields.
[51-52]
  A mixed quantum dot film of red- and green-emitting quantum dots can be used in 
front of the backlight and 81% coverage of the Rec. 2020 color gamut is realized.
[53]
  Patterning 





1.6. Thesis Overview 
1.6.1. Chapter Organization 
The concepts and guiding principles outlined above are explored in depth in the following 
chapters.  This thesis encompasses work that largely centers on high performance thin-films, 
both fabrication of single-crystalline materials and modes of integration into thin-film designs for 
high efficiency electronic and optoelectronic devices.  As an overall motif, Chapter 2 reviews 
high performance thin-film materials in detail.  Specifically, we focus on emerging 2D materials 
and single-crystalline inorganic membranes that display unique forms of function.  This literature 
review introduces concepts that are used in the following chapters and provides a basis for high 
performance materials.  Chapter 3 discusses work on ultrathin silicon solar microcells and their 
adaptation into a dual concentration system.  Here, concepts from Chapter 2 are used in 
fabrication of the microcells (30 μm thick).  The electrical and optical properties of the 
microcells are carefully considered in the new design to optimize performance at higher 
concentrations.  We also describe a novel dual concentrator that further considers the optics of 
the system, including a passive absorber (LSC) to collect additional irradiation in a geometric 
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concentrator system for a high power density application.  Chapter 4 then implements the 
optimized silicon microcell design to demonstrate a flexible, self-powered smart window as a 
lower power density application.  The electrochromic materials for the smart window are chosen 
to optimize switching times between the colored and bleached states as well as high modulation 
of transmission.  This combination of high performance materials promises a high quality 
photoelectrochromic device that can be prepared on flexible substrates for a portable smart 
window.  Chapter 5 builds on concepts developed with the LSC technology and inverts the 
application from a passive absorber to a high-efficiency emitter in a display application.  High 
quantum yield core-shell quantum dots, CdSe/CdS, are embedded in a polymer waveguide as the 
luminescent material to replace traditional absorptive color filters in LCDs.  We effectively 
encapsulate the quantum dot-polymer film in a reflective cavity that traps the luminescence and 
directs it towards a small aperture.  This design results in high extraction efficiency of the 
luminescence and demonstrates the significant potential for improvement in the optical 
efficiency of LCDs.  The abstracts for each chapter are presented below. 
 
1.6.2. Chapter 2 Abstract 
The development of methods to synthesize and physically manipulate extremely thin, single-
crystalline inorganic semiconductor materials—so-called nanomembranes—has led to an almost 
explosive growth of research world-wide into uniquely enabled opportunities for their use in new 
‘soft’ and other unconventional form factors for high-performance electronics. The unique 
properties that nanomembranes afford, such as their flexibility and lightweight characteristics, 
allow them to be integrated into electronic and optoelectronic devices that, in turn, adopt these 
unique attributes. For example, nanomembrane devices are able to make conformal contact to 
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curvilinear surfaces and manipulate strain to induce the self-assembly of various 3D nano/micro 
device architectures.  Further, thin semiconductor materials (e.g. Si-nanomembranes, transition 
metal dichalcogenides, and phosphorene) are subject to the impacts of quantum and other size-
dependent effects that in turn enable the manipulation of their bandgaps and the properties of 
electronic and optoelectronic devices fabricated from them.  In this review, nanomembrane 
synthesis techniques and exemplary applications of their use are examined. We specifically 
describe nanomembrane chemistry exploiting high performance materials, along with 
precise/high-throughput techniques for their manipulation that exemplify their growing 
capacities to shape outcomes in technology. Prominent challenges in the chemistry of these 
materials are presented along with future directions that might guide the development of next 
generation nanomembrane-based devices. 
 
1.6.3. Chapter 3 Abstract 
Ultrathin silicon solar micro-cells (μ-cells) afford a means to reduce semiconductor material 
consumption and can be integrated with concentration optics to improve their power density.  
We describe a μ-cell design that optimizes electron and photon collection with enhanced 
efficiency for solar concentration applications.  An interdigitated back-contact (IBC) design 
improves carrier collection partially due to larger contact coverage while further enabling 
optimization of the μ-cell front surface.  To do so, a silicon nitride anti-reflection thin-film 
coating is utilized to enhance photon absorption and improve surface passivation.  Performance 
of IBC μ-cells is compared to an optimized top-contact design and improves μ-cell conversion 
efficiencies from 9.9% to 13.7%.  Improvements at 1 Sun are amplified under concentration and 
increase power densities at 20 Suns to 346 from 192 mW cm
-2
 due to minimized series 
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resistance.  Benefits afforded by IBC μ-cells are exemplified following their integration into a 
dual concentrator system, affording photon collection capacities for direct and diffuse irradiance.  
A traditional lens concentrates direct light while a luminescent solar concentrator (LSC) collects 
diffuse photons otherwise not utilized by passive optics.  Addition of the LSC increases 
maximum power densities on clear and cloudy days, providing concentration for the latter and 
further increasing the power density. 
 
1.6.4. Chapter 4 Abstract 
Current “smart” windows rely on electrochromic materials that are powered by an external 
source that can complicate installation and increase costs.  Self-powered, photoelectrochromic 
(PEC) windows are an intuitive alternative wherein the incident solar flux is first utilized by a 
photovoltaic material to power the electrochromic (EC) device, which then modulates the 
transmission of the incident solar flux.  The photovoltaic material in this application must be 
sufficiently transparent and have an operating voltage of ca. 1.0 V to power the EC device.  Si 
solar μ-cells are used here that are small enough to be relatively transparent while maintaining 
the advantages of a single-crystalline material (i.e., long lifetime and high performance).  
Additionally, the Si μ-cells are thin enough to enable fabrication on flexible substrates to realize 
a flexible PEC device.  We apply WO3 as the EC material and V2O5 as the ion storage layer via 
sol-gel synthesis, which is more amenable to scalability and tunability in comparison to thermal 
evaporation methods. The EC devices display fast switching times, as low as 8 seconds, with a 
modulation in transmission as high as 46%. Integration with two Si μ-cells in series (1.12 V) 
demonstrates a PEC device with switching times of less than 3 minutes, and a modulation in 




1.6.5. Chapter 5 Abstract 
Liquid crystal display (LCD) technology has advanced through the years to make thinner 
displays with higher efficiencies to reduce power consumption.  Extraction efficiencies, 
however, remain low (only 5 – 7%) due to the absorptive color filters that are necessary to create 
a full RGB display.  Further, the ambient contrast ratios of LCDs are quite poor from reflection 
of multiple optical components within the display.  Here, we introduce a luminescent cavity 
design to replace the absorptive color filters in an LCD that includes a black absorbing layer to 
improve the ambient contrast ratio.  An emissive material with high quantum yield, CdSe/CdS 
quantum dots, is embedded in a polymer waveguide to replace the absorptive material and is 
integrated with a reflective cavity to optimize the extraction of luminesced photons through a 
small top aperture.  A single pixel prototype of this luminescent cavity demonstrates high 
extraction efficiencies of 40.9% with a cavity that has an 11% aperture opening of the top 
surface area.  This design exploits high quantum yield quantum dots that have a large Stokes 
shift to achieve high efficiency as well as their narrow emission to demonstrate potential for an 
RGB display.  The reflective cavity is found to be vital to optimize, as a sidewall reflectance of < 
90% resulted in low extraction efficiencies and simulations suggest increased reflectance could 
achieve efficiencies > 50%.  A final micropixel array demonstration illustrates the potential for 
this design in which a Si pixel array is filled with the luminescent quantum dot-polymer matrix 












Figure 1.1. Deterministic assembly of thin films and solid inks. (a) Schematic of (i) picking up and (ii) 
printing a thin film via deterministic assembly. (b) Critical energy release rates (Gcrit) for the stamp/film 
interface (black) and the film/substrate interface (red) at varying peel velocities (v).  Regimes for printing 
and pick-up are highlighted. Examples of energy release rates for a weak (green) and strong (top black 
line) film/substrate interfaces are shown for reference.
[5d]
 Reprinted with permission from ref. 5d. 









Figure 1.2. Schematics of silicon concentrator cell designs including (a) interdigitated back contact cells, 





















Figure 1.4. Schematic of a liquid crystal component in a liquid crystal display. Light is either transmitted 
(left) or blocked (right) depending on the orientation of the liquid crystal.
[49]
 Reprinted with permission 
from ref. 49. Copyright 2014 John Wiley and Sons. 
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CHAPTER 2: SEMICONDUCTOR NANOMEMBRANE MATERIALS FOR HIGH 





Advances in electronics technology traditionally focus on the miniaturization of circuitry to 
afford faster, more efficient devices. These advances increasingly exploit active materials in 
complex thin-film forms while relying on larger device-level structural components to both 
support and integrate them.
[1b, 1d, 55]
 By reducing not only the lateral dimensions but also 
thicknesses of full devices, new forms of function can be realized that would otherwise not be 
possible with bulk materials. Semiconductor nanomembranes (NMs) embody a class of materials 
that enable such new forms of functionality including capacities for flexure,
[1b, 56]
 transient 




 strain-engineering from 
lattice mismatch,
[1e, 59]
 and tunable bandgaps via quantum confinement effects.
[60]
 The term NM 
encompasses here not only a class of materials rigorously defined by nanoscale thickness, but 
ranges from atomically thin films to continuous, self-supporting films that have properties 
independent of their supporting substrates. These functionalities can be exploited to fabricate 
unique electronic and optoelectronic devices that provide pathways into next-generation 
electronics. 
One important aspect of semiconductor NMs is that they make it possible to use single-
crystalline inorganic materials as are generally necessary for high performance electrical 
properties while affording unique attributes, such as that of flexure.
[1b, 55a, 56]
 Alternative 
materials as might be used for flexible electronics (e.g. molecular and polymeric organic 
1
The content of this chapter is reproduced with permission from Mikayla A. Yoder, Zheng Yan, Mengdi 
Han, John A. Rogers, and Ralph G. Nuzzo. “Semiconductor Nanomembrane Materials for High-




semiconductors) are generally characterized by carrier mobilities that greatly limit device-level 
performance characteristics.
[56, 61]
 In this perspective, we highlight progress being made in the 
chemistry of inorganic NM materials as a distinct class of unconventional solid thin films that 
harbor a potential for applications within high-performance devices. NMs fabricated using 
wafer-sourced electronic grade semiconductors—silicon (Si) and III-V compound 
semiconductors such as GaAs as exemplars—are discussed and compared with more recently 
emerging 2D NM materials (i.e. atomic thicknesses) as exemplified by the transition metal 
dichalcogenides (TMDs),
[58d, 60a, 62]




 The former 
comprises materials that are used in thin film forms that are thicker than a 2D homolog. They 
exemplify functional materials that have been well-studied and for which established processing 
techniques can be utilized to both fabricate and integrate them within devices, with understood 
pathways for optimization and potential for large scale manufacturing. In comparison, 2D NMs 
are a relatively new class of atomically-thin, layered material that have attracted considerable 
attention in consequence of the new possibilities for functional properties they engender, albeit 
with major requirements remaining for improved methods for their use within devices. It is now 
well appreciated that NM materials enable new figures of merit for functional performance that 









 and 3D scaffolds for integration of cellular tissues.
[67]
 Of 
most note is that, with suitable methods of synthesis and processing, such functionalities can be 
developed in ultrathin materials while retaining the superior qualities associated with electronic 
and optoelectronic grade source materials.  
The following sections highlight recent progress made in the fabrication/synthesis, chemical 
modification, and application of emerging classes of NM materials in advanced devices—a 
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discussion highlighting the unique attributes of structure and function that their properties 
facilitate. We first describe the synthesis of 2D NMs, and follow with an overview of methods 
used for more extended thin film forms, as exemplified by those comprised by Si and 
epitaxial/compound NMs. We follow this with an overview of the construction of devices 
embracing both 2D and 3D design rules.  We conclude with thoughts regarding the current 
development of the field and suggest important challenges and opportunities for progress that 
remain to be addressed in research. 
 
2.2. Fabrication Strategies for Semiconductor Nanomembranes 
2.2.1. Synthesis of Two-Dimensional Materials 
There has been significant attention given to the chemistry of ultrathin and 2D nanomaterials 
(examples of which are shown in Figures 2.1 and 2.2) and procedures for their fabrication and 
characterization have been extensively reviewed.
[1b-e, 55a, 56, 58d, 60a, 60c, 62, 64, 68]
 In general terms, 
three distinct, yet variously interrelated, approaches exist for the preparation of NM materials. 
The most frequently exploited of these methods for 2D NMs follows inspirations afforded by 
graphene, where an intrinsically layered bulk material (graphite in the case of graphene) is 
subjected to physical/chemical processing steps to separate discrete NM thin films. Mechanical 
and chemical exfoliation are the most common methods exploited to do so.
[58d, 60a, 60c, 69]
 The 
second conceptual approach is based on direct chemical growth of the NM material using a 
supporting substrate from which it can be subsequently separated. This latter approach has been 
perfected and scaled in industrially-relevant processes to produce rolls of graphene on the meter 
scale. The most advanced method uses Cu foil substrates, providing a fully scalable source for 
high-quality graphene films reaching to hundreds of meters in length.
[70]
 Direct growth of other 
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2D NMs, however, remains less well developed and restricted to the use of rigid/expensive 
substrates. In a third conceptual approach, physicochemical processing steps are used to reduce 
the thicknesses of/or section single-crystalline materials down to very low limiting values—




The synthetic method of choice for use in a specific application depends in large measure on 
the requirements for performance. The use of extractive processing is particularly beneficial for 
high performance electronics when single-crystalline wafer sources are readily available along 
with processing methods for their conversion to NM forms that allow new functionalities, such 
as extreme mechanical flexibility, and useful approaches to heterogeneous integration.
[1c, 56, 65b, 72]
 
 
2.2.1.1. Layered Materials as Precursors for 2D NMs 
Crystalline compounds comprised of inherently layered structures are nearly ideal source 
materials for 2D NMs. These materials consist of strong in-plane covalent bonds, with adjacent 
layers held together by weaker van der Waals (VDW) forces. Many of these so-called graphene-
like materials (GLMs) can be exfoliated while maintaining their in-plane crystalline structures. 
Electrons are generally confined within the 2D atomic planes of these materials and for this 
reason afford interesting alternatives to single-crystalline materials whose ultrathin structures 
would otherwise be terminated by dangling bonds.
[68b]
 Here, much attention has been given to 
TMDs with compositions in the form of MX2 (where M is a transition metal from groups 4-10 
and X is a chalcogenide such as S, Se, or Te), that have bandgaps ranging from ~1.1 to 2.5 
eV.
[58d, 60c]
  Growing consideration also has been given to the chemistry of black phosphorus 
(BP), whose layered polymorphic structures give this element’s most thermodynamically stable 
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allotrope a tunable direct bandgap (~0.3 to 2.0 eV), suitable for use in optoelectronics.
[60c, 66b, 73]
  
Depending on the conditions used in their synthesis (and the specific materials composition 
involved), monolayer (ML) sheets and flakes can be peeled from a bulk sample via mechanical 
exfoliation (ME). A schematic depiction of this process is given in Figure 2.1.a, where an 
adhesive tape is used to peel back a ML of material for transfer to a supporting substrate. An 
image of a transferred MoS2 NM is shown in Figure 2.1.b.
[74]
 This approach makes it possible to 
explore TMD and BP NM devices and there now exist many reports of high performance 
optoelectronic devices
[74-75]







utilizing them as an active electrical material.
[76]
 ME remains the simplest approach to obtain 
high quality samples, although with challenges to both yields and scaling. Specifically, 
fabrication methods suitable for use with BP remain an area of need even as research continues 
to build better understandings of its electronic and structural properties, and explores means to 
stabilize it against decomposition.
[76j, 76l, 77]
  
While the simplicity of ME has yielded high-performance materials suitable for use within a 
laboratory setting, its utility for broad scale adoption in technology remains limited. Liquid-
phase exfoliation (LPE, a process shown in Figure 2.1.c) provides a promising alternative means 
of preparing high quality 2D NMs from intrinsically layered solid materials. To exfoliate thin 
films in this way, a solvent (or surfactant) must be able to overcome the VDW forces between 
the material layers and prevent aggregation of the separated sheets. With suitable choices, 
relatively large single sheets (such as the MoS2 films shown in Figure 2.1.d) can be prepared.
[78]
 
Coleman and coworkers have studied the solution phase processing of TMD materials and have 
identified solvent properties (e.g. surface tension of ~40 mJ m
-2
) that permit production of single- 
and few-layer sheets
[78]
 in a manner analogous to processes used with graphene.
[79]
 A number of 
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organic solvents have been shown to be promising for exfoliation of TMD sheets that yield large 
area (> 100 nm) flakes in useful quantities.
[78, 80]
 Efforts using similar solvents are being used to 
exfoliate BP, although with limited success in consequence of its stability.
[81]
 The LPE of TMDs 
in aqueous media is also of significant interest, where (given water’s surface tension of 72 mJ m
-
2
) the addition of surfactants is required to maintain stable dispersions. For example, Smith and 
coworkers were able to exfoliate thin sheets of multiple TMD materials including MoS2, BN, 
WS2, TaSe2, MoTe2, MoSe2, and NbSe2 using sodium cholate as a dispersant.
[82]
  
Chemical intercalants can also be used. The insertion of lithium ions between adjacent TMD 
layers using n-butyl lithium
[60a, 83]





illustrates this chemistry, yielding materials with properties useful for applications spanning from 
electrocatalysis to electronic/optoelectronic devices.
[58d, 80c, 85a, 86]
 The intercalation of Li can also 




2.2.1.2. Direct Chemical Synthesis of 2D NMs  
In concept, a direct pathway to synthesize 2D NM materials would proffer advantages over 
alternative methods based on either ME or LPE. A bottom-up fabrication technique of this form 
would require capacities to select forms of growth (specific polymorphs, etc.), support substrates, 
and, for full generality, the possibility of effecting physical transfers post growth. Towards this 
end, chemical vapor deposition (CVD) and other thermolytic processing methods have been 
examined as routes to NMs, both for cases based on intrinsically bulk layered structures as well 
for very thin layers of otherwise extended bulk solids. Examples here include the growth of 
TMDs as well as extreme terminations of bulk semiconductor structures such as silicene (single-
layer Si) and 2D GaN. 
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A well-studied bottom-up synthesis is that of the CVD growth of the TMD material MoS2.
[88]
 
Procedures to deposit thin layers of MoS2 can be translated to other TMD materials (e.g. MoSe2, 
WS2, WSe2, etc.)
[89]
 and so well represent strategies for the broader class. The schematic in 
Figure 2.1.e outlines a prototypical CVD process, one in which MoO3 and sulfur are used as the 
elementary Mo and S sources, respectively. The deposition is carried out at high temperatures 
(650 °C) under N2(g) flow in order to induce the reduction of MoO3 by the S vapor to the volatile 




 MoO3 + x/2S  MoO3-x + x/2SO2 (2.1) 
 MoO3-x + (7-x)/2S  MoS2 + (3-x)/2SO2 (2.2) 
This film growth is not inherent on the supporting substrate and a seed layer (i.e. reduced 
graphene oxide, perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt, or perylene-3,4,9,10-
tetracarboxylic dianhydride) must be used.
[88a]
 With an optimized seed layer, the dimensions of 
the NMs can be improved.  Alternative precursors include a thin Mo film (deposited on the 





where the thermolysis reaction proceeds as follows: 
 (NH4)2MoS4 + H2  2NH3 + 2H2S + MoS2 (2.3) 
A second annealing step in the presence of S vapor at 1000 °C is required in order to increase 
domain sizes and improve crystallinity. There now exists a rich and growing literature discussing 
the growth of TMD NMs and the impacts that precursor chemistry, seed layers, substrates, and 












[90a, 90c, 90d, 90f]
 heterostructures have been reported with superior 
properties as compared to stacked NMs adhering via VDW interactions. Materials with large 
lattice mismatches (e.g. WS2 and WSe2, 4% mismatch) can be grown with lattice coherence and 
specific supercell dimensions.
[90a]
 Figure 2.1.f shows an optical image and photoluminescence 
intensity maps of a MoSe2/WSe2 heterostructure grown in a one-pot synthesis by simply 
controlling the gas composition within the reaction chamber,
[90c]
 a process extendable to other 
MoX2 and WX2 heterostructures.
[90c, 90d]
 In situ growth of the TMDs provides pristine junctions 
between the two materials as well as allowing distinct control over domain sizes. Electrical 




BP NM films can be grown on Si/SiO2 substrates at high pressure using amorphic red 
phosphorus as a precursor; the electrical properties of the materials produced have been explored 
in model FETs.
[91]
 It also has been suggested recently that the amorphous form of BP (a-BP) 
might be of interest for use in electronics in a manner similar to amorphous silicon, although the 












Recent literature describes the chemical synthesis of single- and few-layer 2D GaN and 
silicene. While 2D hexagonal boron nitride (hBN) NMs have been studied extensively,
[93]
 studies 
of other nitride materials remains limited due to their general adoption of non-layered bulk 
structures. For example, wurtzite GaN is tetrahedrally coordinated and unsaturated dangling 
bonds significantly impact its properties at the nanoscale. A recent report describes a method to 
passivate these dangling bonds and grow 2D GaN films through migration-enhanced 
encapsulation growth (MEEG, Fig. 2.1.g).
[94]
 Here, an epitaxial graphene layer is first formed via 
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sublimation from a SiC(0001) substrate followed by hydrogenation (Fig. 2.1.g, steps 1-2). 
Trimethylgallium is then decomposed on the graphene/SiC(0001) surface, where gallium 
adatoms penetrate the graphene capping layer (steps 3-5) and then converted to GaN via 
ammonolysis (step 6).
[94]
 A high-angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM) cross-sectional image of the encapsulated 2D film is shown in 
Figure 2.1.h. 
Perhaps the most interesting NMs are those comprised of Si, materials we treat at some 
length in the sections that follow. Silicene, as a limiting case, has been treated in theoretical 
studies in considerable depth since the discovery of graphene.
[69a, 95]
 In a manner analogous to 
graphene, silicene exhibits a Dirac bandstructure and as a result of its buckled structure, exhibits 
a discrete bandgap due to its lowered symmetry.
[64b, 96]
 Unlike graphene, which is sp
2
 hybridized, 




 hybridization due to its larger ionic radius,
[64a, 97]
 a perturbation 
that drives its non-planar structure. It is only recently that supported silicene sheets have been 
grown experimentally (via thermal evaporation), as shown schematically and in the microscopy 
images shown in Figures 2.1.i and 2.1.j, respectively.
[98]
 Silicene nanoribbons form on Ag (110) 
surfaces,
[99]
 which mediates growth via adatom diffusion along the [1̅10] direction of the 
substrate.
[99a]
 Silicene sheets grown on Ag (111) surfaces exhibit the expected buckling 
structure.
[98a, 100]
 Several superstructures of silicene have also been identified whose nature 
depends strongly on substrate temperature and deposition rate (Fig. 2.1.j).
[98, 100b]
 On average, 
single layer domains of silicene remain limited in size (ca. 100 nm
2
) and are not generally 
amenable for release from their growth substrates;
[96b, 98, 100]
 growth on other substrates has been 
explored in this regard.
[101]
 
Table 1 provides a summary of the electronic properties of 2D NMs prepared in various 
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ways. Notable differences are clearly evidenced between ME and CVD sourced materials. A 
challenge for CVD-grown materials, and bottom-up growth in general, is obtaining highly 
crystalline sheets. Subsequent steps (e.g. thermal processing) are generally needed to improve 
the material’s electronic properties. A further challenge is the ability to control the number of 2D 
layers that are deposited while maintaining electronic and optoelectronic properties superior to 
those obtained by exfoliation. Unquestionably, however, the sourcing of NMs directly from 
electronic grade wafer/bulk semiconductor sources (e.g. Si and III-V materials) remains perhaps 
the most attractive approach for realizing scalable approaches for applications in technology (an 
idea we illustrate with examples taken from the recent literature in the sections that follow). 
 
2.2.2. Synthesis of Single-Crystalline NMs 
The use of single-crystalline semiconductors remains a central materials requirement for 
high-performance electronics. The breadth of knowledge in Si processing has enabled the 
fabrication of new classes of devices using them in flexible and transient electronics amongst a 
range of form factors that variously exploit wafer-scale processes to extract thin films from bulk-
like sources.
[1b, 1c, 56-57, 102]
 Related strategies have also been developed for use with III-V 
semiconductors for applications where direct bandgap materials are required. The preparation of 
thin single-crystalline NMs exploits approaches outlined below. These strategies employ precise 
top-down etching capabilities as well as epitaxially grown films that accommodate lattice 
mismatch in interesting ways to create novel materials sets.  
 
2.2.2.1. Fabrication of Silicon NMs 
Recent advances in top-down approaches provide access to Si NMs on a large scale and 
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further allow doping, as well as integration of the dielectrics (e.g. SiO2), device components, and 
barriers/encapsulating structures required. Selective etching (Fig. 2.2.a-c) is commonly used to 
obtain Si NMs, particularly anisotropic etching,
[3a, 6b, 71a, 103]
 which utilizes the selectivity of 
specific etchants towards the impacts of electronic structure on the bonding of Si atoms within 
specific high-symmetry, low-index crystalline planes. Close-packed {111} planes have 
comparatively slow etching rates, followed in order by {100} and {110} planes, which 
progressively etch more rapidly. These rate-structure sensitivities can be utilized to produce 
specific structural features depending on the orientation of the wafer.
[104]
 In Figure 2.2.a, an 
anisotropic etching process is illustrated in which trenches are first defined on Si (111) wafers 
through patterned reactive ion etching (RIE) to expose the {110} planes. Selectively patterned 
SiO2 and evaporated metal passivate the top and sidewalls of Si and an anisotropic etch in KOH 
undercuts the Si along the <110> directions, thereby forming Si NMs after release. The general 
form of the net chemical reaction in this case is given by: 
 Si + 2OH
-
 + 2H2O  Si(OH)2O2
2-
 + 2H2 (2.4) 
which is consistent with the observed production of Si(OH)2O2
2-
 and two hydrogen molecules 
per Si atom.
[104b, 105]
 Figure 2.2.d shows an SEM image of released, mechanically flexible Si 
nanoribbons.
[103]
 Other forms of Si NMs are also possible using a similar anisotropic etching 
strategy. One example generates Si NMs in multilayer stacks,
[71a]
 exploiting the rippled sidewall 
structure that results from a deep inductively coupled plasma (ICP) RIE in the Bosch process.
[106]
 
Angled evaporation of metals and anisotropic KOH etching of Si yield multilayer Si NMs that 
can be readily released or transfer printed, as shown in the left and middle frames of Figure 
2.2.g, or released in bulk quantities, as shown on the right in Figure 2.2.g. This high-throughput 
processing technique efficiently utilizes a large volume of the bulk source wafer. 
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An alternative way of making Si NMs exploits selective etching of a buried oxide layer using 
a silicon-on-insulator (SOI) wafer, where a thin single-crystalline layer of Si is bonded atop a 
base handle wafer by a sacrificial layer of SiO2 (Fig. 2.2.b).  Hydrofluoric acid is used to etch 
away the buried oxide layer. The top Si device layer can then be released or transferred to 




A recent development also begins with the use of SOI wafers, but replaces the wet etching of 
the oxide layer with dry etching of the back Si handle wafer, as in Figure 2.2.c. Removal of the 
backside of the Si wafer typically involves grinding of the backside, followed by a series of RIE 
steps to completely remove the Si on the back side. Si NMs formed in this way keep the buried 
SiO2 layer, which can serve as protective barriers for bio-integrated electronic systems (vide 
infra).
[71b]
 The optical image in Figure 2.2.f presents a Si transistor array in which the Si NMs 
were so encapsulated by SiO2. 
It is possible to prepare ultrathin Si NMs (1.4 to 10 nm) using cycles of thermal oxidation 
and etching.
[58a, 107]
 This process uses similar etching strategies as for SOI wafers but first thins a 
portion of the top Si device layer by thermally oxidizing and subsequently etching it. This 
process reduces the thickness of top Si device layer to ~16 nm. The second thinning process 
exploits repetitive ultraviolet-ozone (UVO) oxidation and removal of SiO2, which controls the 
oxidation/etches more precisely to ~0.74 nm of Si each cycle.
[58a]
 Figure 2.2.h presents an SEM 
image (left), a high-resolution TEM image (middle), and a TEM side view (right) of an ultrathin 
Si NM so prepared. These NMs exhibit quantum confinement effects as well as high flexural 




2.2.2.2. Fabrication of Epitaxial NMs via Selective Etching 
The release of III-V NMs is best achieved via selective etching of a buried sacrificial layer. 
This layer can be included in a repeated epitaxial stack
[6d, 71c]
 that is either lattice matched or 
otherwise accommodative so as to not produce defect inducing strains and selected to etch at 
significantly higher rates than the device layer. This allows substantial latitude for processing 
and fabrication steps prior to lift-off and proves most beneficial when the receiving substrate 
(e.g. an organic polymer) cannot accommodate the harsh processing conditions as might be 
required (i.e. corrosive etchants, etc.). 
An example of an epitaxial stack is shown in Figure 2.3.a, where an alternating structure of 
GaAs (the device layer) and AlAs (the sacrificial layer) is built up by an MOCVD process in a 
stack that allows the release of large quantities of GaAs NMs (Fig. 2.3.b)
[6d]
 as well as thin, 
flexible devices (Fig. 2.3.c).
[6a]
 This approach, called epitaxial lift-off, has been developed 
extensively
[6d, 71c, 108]
 and has greatly reduced the cost of GaAs and other III-V semiconductors, 
enabling their wide-spread use as high efficiency electronic and optoelectronic devices. Epitaxial 
lift-off encompasses the single-crystalline quality of an epitaxially grown film as well as the 
ability to reuse the support wafer for the growth of new epilayers. To etch AlxGa1-xAs, 
hydrofluoric acid is used due to the selectivity afforded by an etch rate that increases markedly 
with the aluminum fraction. For example, etch rates of AlxGa1-xAs (x > 0.6) are >10
6
 times faster 
than that of GaAs in hydrofluoric acid.
[108e]
 Typically, AlAs is used as a sacrificial layer as it 
demonstrates the highest selectivity for the system. The chemical reaction between aqueous HF 
and AlAs produces a complicated speciation of products that includes aluminum fluoride, arsine 






). The overall reaction (which neglects 
some of this complexity) can be written as: 
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 + nH2O (2.5) 
where n = 0, 1, 2, 3.
[108e, 109]
 Even though the etch rates are very fast, mass transfer effects can 
limit the etching processes as the sacrificial layers are very thin and species must diffuse in and 
out of the crevices created by the dissolution of material. To combat this, techniques have been 
developed that slowly peel back the device layer as etching proceeds in order to better expose the 
active area of the sacrificial layer,
[108c, 108d]
 as well as to infuse gases such as oxygen to inhibit As 
deposition (from AsH3, which acts as a barrier for further etching).
[109-110]
  
Other compound semiconductors can use epitaxial lift-off processes to fabricate NMs. For 
example, AlGaSb can be used as a sacrificial layer in the fabrication of InAs or InGaSb NMs.
[65, 
72a]
 The scope of the inorganic NMs that can be so fabricated is quite broad, with many choices 
for the sacrificial layers, etchants, and strategies to mitigate lattice strains that would otherwise 
induce defects. 
Sacrificial layers are typically chosen to minimize strains within the device layer. Such strain 
can be utilized, however, to induce shape transformations. In cases where the NM materials are 
grown on substrates with significantly larger (or smaller) lattice constants, the released NMs can 
curl up into precise tubular shapes.
[1e, 59d]
 This concept is shown schematically in Figure 2.3.d.  
The InAs epilayer shown has a larger lattice constant than the base substrate and is 
compressively strained; the top GaAs epilayer is under tensile strain.
[59d]
 Upon selective etching 
of the AlAs sacrificial layer, the InAs layer tends to expand while the GaAs layer compresses. 
These opposing forces, F1 and F2, result in a net momentum, M, that induces the NM to roll 
up.
[59d, 111]
 This makes it possible to prepare tubes, rings, coils, and a host of other geometries. 
An example of a InGaAs/GaAs tube is shown in Figure 2.3.e, balancing on a thin sacrificial 
layer of Al0.6Ga0.4As.
[112]
 Depending on the orientation of the lithographically patterned stripes, 
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the NMs can be rolled into tubes, flowers, and coils.
[112]
  
In addition to III-V materials, strain-driven assembly is applicable to other lattice 
mismatched films such as Si epitaxially grown on SiGe-on-insulator (SGOI) wafers.
[113]
 The 
applications for Si-based materials are quite different and can include biological studies, as seen 
in Figure 2.3.f.
[67b]
 Here, Si/SiGe nanotubes are utilized as a biologically viable substrate 
providing cues for outgrowth of primary cortical neurons and selectively allowing single axon 
growth inside of the tubes when tube diameters are on the order of 4 μm. The tube diameter can 
be accurately controlled via the Ge concentration in the Si1-xGex alloy and the thicknesses of the 
Si and SiGe layers. Using semiconductor structures as 3D scaffolds for tissue growth provides a 
general strategy for defining neuronal networks that can also be electrically probed.
[67b, 114]
 
The strains induced by lattice mismatch can be utilized to prepare strained-Si and -SiGe NMs 
for applications in quantum electronics and fast flexible electronics. The application of strain is 
known to change the electronic band structure of materials and specifically Si shows an increase 
in carrier mobility with strain.
[59b, 115]
 The fabrication of strained-Si is limited, however, by 
techniques that grow Si on compositionally graded Si1-xGex substrates. These films tend to 
exhibit misfit dislocations and lack the structural uniformity imperative for quantum 
electronics.
[59b, 115b]
 Figure 2.3.g illustrates an alternative technique in which Si/SiGe/Si NM 
trilayers are used to fabricate strained-Si NMs and Si/SiGe/Si quantum well structures.
[115a]
 A 
SiGe layer is epitaxially grown on an SOI wafer and a Si capping layer is then epitaxially grown 
on top. The lattice mismatch induces a compressive strain in the SiGe layer, which is then 
partially released via strain sharing with the Si layers, now tensilely strained after lift-off in 
hydrofluoric acid. Using this strategy, Zhou and coworkers fabricated a flexible thin film 





alternative structure, SiGe/Si/SiGe, can be fabricated where a strained-Si quantum well is grown 
on an elastically relaxed SiGe NM,
[66a]
 providing a gate-defined double quantum dot in the 
Si/SiGe NM (Fig. 2.3.i) that can be tuned by a magnetic field.
[66a]
 Quantum-well infrared 
emitters and photodetectors can be fabricated similarly.
[59c, 116]
  
The most promising routes for preparation of NM materials are high-throughput techniques 
that preserve the high electronic quality afforded by their bulk counterparts. The approaches 
outlined above take on these demanding objectives. The progress made includes next-generation 
devices that enable high performance in regimes that have classically been difficult to realize. 
Exemplary demonstrations in these fields for 2D-, Si-, and epitaxial-NMs are discussed below. 
 
2.3. Electronic and Optoelectronic Nanomembrane Device Applications 
2.3.1. 2D NM Transistors and Optoelectronic Devices 
When bulk materials are thinned to atomic dimensions, quantum confinement effects can be 
exploited to provide new forms of functionality for electronic and optoelectronic devices. For 
example, TMDs can have an indirect bandgap as bulk materials (e.g. MoS2 and WS2), yet exhibit 
a direct bandgap below a specific number of layers.
[58d, 60a]
 This transition engenders an enhanced 
photoluminescence that can be utilized in unique ways, including as optoelectronic materials for 
light-emitting diodes (LEDs). Theoretical investigations also suggest that 2D materials would be 
useful in spintronic and valleytronic technologies due to strong spin-orbit and spin-valley 
coupling in silicene and Group VI TMDs, respectively.
[60a, 66g, 117]
 Single-layer BP has been 
shown to exhibit anisotropic electrical behaviors as a result of the unique features of its 
crystalline structure.
[63, 77d, 118]
 Such properties suggest prospects for electronic devices 
employing 2D materials with useful features that would not be possible with bulk materials.  
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One of the most persuasive arguments for continued efforts in research of 2D materials is 
provided by the transistor. In accordance with Moore’s Law, technology has minimized the 
critical feature sizes in transistors to deliver faster and more efficient devices. In moving 
forward, short-channel effects (such as current leakage between the source and drain) become 
extremely problematic. Field-effect transistors (FETs) made from 2D materials (where electrons 
are strongly confined in the atomic layer) are less significantly impacted. Ideally, 2D channel 
materials would be compatible with complementary metal oxide semiconductor (CMOS) 
processing and therefore, silicene has been imagined as the quintessential 2D channel material. 
Initially, most research on this material was theoretical
[64b, 66g, 97, 99a, 99b, 117, 119]
 but recently Tao 
and coworkers have reported a method to delaminate and encapsulate a silicene NM for 
subsequent integration into a working FET (Fig. 2.4.a).
[96b]
 This device displayed a current 







respectively. The low current on/off ratio is an indication of the small bandgap of silicene (~210 
meV).
[96b]
 This form of silicene was used to fabricate a self-switching diode (SSD),
[120]
 
permitting modulation of conductance. 
FETs based on semiconducting TMD materials have witnessed marked improvements in 
carrier mobilities in part through the incorporation of high-κ gate dielectric materials (e.g. HfO2). 
A schematic depiction of an exemplary device and its transfer characteristics are shown in 
Figure 2.4.b.
[76a]















 This strategy was used to fabricate four different 
integrated logic circuits including an inverter, a NAND gate, a static random access memory 
(SRAM) cell, and a five-stage ring oscillator,
[121]
 results suggesting a very promising future for 
TMD and other 2D NM-based devices, if challenges to device performance and stability can be 
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solved, including: contact resistance;
[76b, 76g, 76j, 122]
 encapsulation/stabilization against 
oxidation;
[76b, 76j, 76l, 77a, 77b, 77e, 77f]
 doping;
[58d, 76c-g, 76j, 76l, 77b, 77e, 89c, 123]
 and improved carrier 
mobilities.
[60c, 76k, 88a, 88c, 88h, 124]
 
For 2D materials possessing direct bandgaps, use as an active material for LEDs with large 
photo- and electroluminescence intensities has been explored. BP films have a direct bandgap 
(0.3 eV) suitable for near-infrared (NIR) and infrared (IR) detection and emission.
[60c]
 The high 
absorptivity values for 2D materials (e.g. > 10
6
 for TMD materials)
[125]
 further provides 
interesting prospects for thin film photovoltaic devices.  
For most optoelectronic devices, it is beneficial to create a p-n junction that effectively 
separates electron-hole pairs. Photovoltaic and electroluminescent efficiencies have been shown 
to greatly benefit from this.
[75b, 75l, 126]
 Schottky barriers at the semiconductor/metal interface can 
be exploited to separate e-h pairs in consequence of the built-in potential present at the 
junction.
[75j, 127]
 Additionally, electrostatic doping via an applied voltage at the gate electrode 
using either a metal 
[75a, 75c, 75k, 75l, 128]
 or graphene
[75f, 129]
 electrode, or more recently a 
triboelectric nanogenerator
[130]
 can be utilized for that purpose. An example of such an 
electrostatically doped device using a Pd electrode is shown in Figure 2.4.c. Here, the back gates 
are separated from the TMD material, WSe2, by hBN.
[75a]
 When the Pd back gates are biased to 
form the p-n junction, bright electroluminescence is observed (Fig. 2.4.c, middle) at a low 
current of only 5 nA. The spectrum on the right in Figure 2.4.c shows this electroluminescence 
in blue along with the corresponding photoluminescence in red. The similarity in each spectrum 
suggests that the electroluminescence is derived from similar mechanisms as photoluminescence 
in which direct-gap excitons recombine radiatively.
[75b, 75g, 75h]
 This is an important observation as 
photoluminescence experiments have confirmed that excitons form in the ± K valleys, 
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suggesting that excitons from electroluminescence do so as well. TMDs are unique in that they 
have two inequivalent momentum valleys, +K and –K, that are required to have opposite spin 
due to time-reversal symmetry. This enables spin-valley coupling, in which spin- and valley-




Promising schemes for achieving p-n junctions in TMDs also include utilizing ionic liquids 
to replace the gate dielectric in WS2 FETs,
[75h]





 Heterojunctions between 2D materials can also be utilized to create p-n 
junctions for optoelectronic devices. BP, for example, is a predominately p-type material with 
exceptional hole mobilities, and its integration with MoS2 provides a gate-tunable p-n diode
[73b]
 
with promise for high efficiency thin film solar cells.
[73c]
  
Figure 2.4.d shows an extension of 2D optoelectronic devices, one exploiting a strain-driven 
3D assembly process (detailed below).
[131]
 A photoresist, SU-8, acts as the scaffold material 
supporting out-of-plane bending, enabling affixed MoS2 photodetectors to be driven upwards for 
three-dimensional photodetection. This structure is shown on the left in Figure 2.4.d, with an 
example of its angular detection on the right. The response of the photodetector array is unique 
in its ability to detect light at two locations, the entry (P1) and exit (P2), due to its optical 
transparency. This allows for detection of both the position and intensity of the incident light, as 
demonstrated on the right in Figure 2.4.d.
[131]
 Related designs for MoS2-graphene 
heterostructures offer optical signal detection as well as programmed electrical stimulation 
capabilities for use in soft retinal prosthesis.
[132]
 
The optical anisotropy of BP gives rise to linear dichroism within the material
[118d]
 and 
because of this phenomenon, polarization-dependent photodetectors in the IR region have been 
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explored. Figure 2.4.e shows a BP photodetector
[73d]
 using a ring-shaped metal contact to 
suppress influences of the metal electrode edge on specific polarizations, allowing the 
photogenerated hot carriers to be collected isotropically. As seen in the photocurrent microscopy 
images in the middle of Figure 2.4.e, the photoresponsivity exhibits distinct polarization 
sensitivity, and the spectra on the right of Figure 2.4.e demonstrate consistently higher (~3.5x) 
photoresponsivity for light polarized at 0° (the armchair direction) than light polarized at 90° (the 
zigzag direction). 
The intrinsic electrical anisotropy of BP has also been explored in 2D-NM junctions in terms 
of thermoelectric properties,
[118b, 118e]





2.3.2. Constructs of Single-Crystalline NMs that Enable Transient, Flexible, and Other Novel 
Applications 
The quality of many 2D materials remains a major challenge in research. For established 
materials, such as Si and various epitaxially grown semiconductor materials, quality is not an 
issue as they are derived from electronic grade, single-crystalline source wafers. Here, we 
discuss new approaches to 3D device form factors—micro- and macro-scale buckled Si 
structures—and Si NMs as employed in so-called transient electronics for biological/biomedical 
applications. As direct bandgap materials are better suited for optoelectronic devices, epitaxial 
and III-V materials are typically utilized for these constructs. The cost of these materials can be 
greatly mitigated using the NM fabrication procedures discussed above, particularly epitaxial 
lift-off conjoined with transfer printing. The capabilities of transfer printing are reviewed 
elsewhere,
[5, 134]
 but these methodologies allow the preparation of complex integrated systems 
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from device quality single-crystalline semiconductors on substrates that allow otherwise difficult 
to realize attributes of performance (e.g. flexible and transient electronics). We describe 
exemplary integrated devices in the sections that follow. 
The 3D assembly of Si NMs exploits interactions between itself and a stretchable elastomer. 
Here, Si NMs are transferred to a prestretched elastomer,
[72b]
 where release of the prestrain drives 
a predetermined assembly of what can be highly complex 3D shapes. The most elementary case 
is shown on the left in Figure 2.5.a. These geometries can be slightly altered by adjusting the 
thickness of the Si NM, changing the amplitude and wavelength of the wavy structure. 
A similar approach uses lithography to add complexity in which adhesion sites are 
selectively defined on a prestretched silicone elastomer, enabling strategic control over the local 
displacements of Si NMs.
[135]
 Selective UVO treatment of the silicone elastomer defines 
adhesion sites that form strong bonds to the Si ribbon. Upon release of the prestrain, areas of the 
Si NMs in contact with the patterned adhesion sites are tethered to the elastomer while other 
weakly bonded areas delaminate to adopt deterministic forms of out-of-plane bending (Fig. 
2.5.a, middle). These geometries are accomplished via uniaxial prestrain, but by incorporating 
biaxial prestrains in the silicone elastomer the attainable geometries are expanded to arc-shaped 
open-mesh structures (Fig. 2.5.a, right).
[68e, 136]
  
Compelling opportunities lie in the deterministic assembly of Si NMs into complex, 
programmable 3D shapes, including ones inspired by ubiquitous 3D mesostructures found in 
biology. Extended mechanically-guided 3D assembly provides possibilities to access such 
diverse geometries including open filamentary frameworks, mixed structures of 
membranes/filaments, folded constructs, and overlapping, nested and entangled networks.
[1c, 68f, 
72c, 137]
 As shown in Figure 2.5.b, the process begins with patterning 2D precursors of Si NMs, or 
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other materials, using lithographic techniques. A second photolithography step defines bonding 
sites on the 2D precursors rather than on the elastomer. The preforms are then transfer printed 
onto a carrier (a water soluble tape) and finally onto a prestretched silicone elastomer. In this 
case, releasing the prestrain in the elastomer leads to large compressive forces on the 2D 
precursors, delaminating and deforming the regions with a smaller work of adhesion into an 
explicit design-directed 3D architecture. 
Representative examples of open filamentary frameworks of Si include a mixed array of 
tables and tents, a network of double floor helices, and circular filamentary serpentines with 
radially oriented ribbons, as shown in Figure 2.5.c.i-iii.
[137a]
 Thin filaments can also be merged 
with larger membrane segments to form the complex structures shown in Figure 2.5.c.iv-vi.
[137b]
 
Other examples shown in the Figure incorporate folded constructs of Si (Fig. 2.5.c.vii-viii),
[72c]
 
overlapping and nested networks of Si (Fig. 2.5.c.ix-x),
[137c]
 and integration of assembled Si 
mesostructures (colorized in grey) with other materials such as a photodefinable epoxy (SU-8, 
colorized in yellow), as shown in Figure 2.5.c.xi-xii.
[137c]
  
One key advantage of this deterministic assembly approach is its compatibility with 
conventional 2D manufacturing techniques, enabling 3D structures with many different scales 
(Fig. 2.5.d). The smallest case exploits Si NMs (100 nm thick) patterned through deep-UV 
photolithography with feature sizes around 800 nm to generate a 3D starfish-like structure at the 
sub-micron scale, a size that is comparable to human red blood cells. Thin film materials beyond 
Si NMs are also possible using 2D manufacturing techniques. Examples include 3D structures of 
polyimide, bilayers of copper and polyimide, polyester, and polyvinyl chloride films that span 
orders of magnitude in size dependent on the chosen materials set.
[1c, 72c]
 Demonstrated 












 and morphable electronics.
[141]
 
In addition to flexibility, Si NMs enable rapid time scales for dissolution in water and 
aqueous biofluids. Controlling the temperature, pH, ionic contents, and dopant type/level of the 
Si can further adjust the dissolution rate.
[57b]
 In combination with other biodegradable materials 
(e.g. Mo electrodes, MgO dielectric layers, etc.), it is possible to construct full bioresorbable 
electronic systems.
[57a, 142]
 The oxidative/hydrolytic degradation mechanisms of these materials 
can be explained using the equations below: 
 Si + 4H2O  Si(OH)4 + 2H2 (2.7) 
 2Mo + 2H2O + 3O2  2H2MoO4 (2.8) 
 SiO2 + 2H2O  Si(OH)4 (2.9) 
 MgO + H2O  Mg(OH)2 (2.10) 
A recent example of this type of transient electronic device is the bioresorbable Si NM 
pressure sensor shown in Figure 2.6.a.
[142]
 The device consists of a Si NM utilized as a 
piezoresistive strain gauge, a nanoporous Si or Mg bioresorbable substrate with an air cavity 
sealed by poly(lactic-co-glycolic acid) (PLGA), and a layer of SiO2 for encapsulation (Fig. 
2.6.a.i). A change in the external pressure deflects the membrane which is read as a change in 
resistance. Implanted into the brain of a rat enables pressure to be monitored via controlled 
penetration of the device (Fig. 2.6.a.ii). Figure 2.6.a.iii compares data from this bioresorbable 
sensor to a commercial pressure sensor showing the consistency and accuracy of the Si NM 
device. Additionally, the frames in Figure 2.6.a.iv show the progression of an accelerated 
oxidative hydrolysis process for a device immersed in a pH 12 buffer solution at room 
temperature. Under these conditions, the Si NM and SiO2 both dissolve in the solution within 15 
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hours, leaving a nanoporous Si substrate that completely dissolves within 30 hours. 
Figure 2.6.b highlights another example of a transient device that exploits Si NMs for an 
active multiplexed sensor array.
[143]
 The Si NMs serve as the active material for an 8 × 8 
transistor array, as shown in Figure 2.6.b.i. Implanting the device into the brain of a rat allows in 
vivo microscale electrocorticography measurements (Fig. 2.6.b.ii). The relative delay map in 
Figure 2.6.b.iii demonstrates a clockwise spiral during an induced seizure. Similar to the Si NM 
pressure sensor above, this actively multiplexed transistor array is also dissolvable in vivo. Under 
simulated conditions (i.e. aqueous buffer solution at pH 12 and 37 °C), the Si NM (300 nm 
thick), as well as other bioresorbable circuitry materials such as SiO2, Si3N4, Mo, and PLGA, 
dissolve gradually (Fig. 2.6.b.iv) and (under more medically relevant conditions) completely 
disappear in a biofluid medium after 6 months.  
Transient electronics with complex, state-of-the-art, ultrathin Si CMOS devices are also 
possible through release and transfer printing of foundry-produced components, including a 
CMOS inverter, digital logic gates, and analog amplifiers.
[144]
  
Thermally grown SiO2 does not dissolve as quickly as the Si NM and circuitry components 
mentioned above, and as such SiO2 can be used as a biofluid barrier to not only prevent Si NM 
electronic devices from dissolving, but also to effectively avoid penetration of biofluids into the 
implanted devices, making these devices suitable for potential applications in long-term 
electrophysiology studies.
[145]
 Simulation results show that thermally grown SiO2 has the 
capability to serve as a robust barrier for over 70 years when immersed under biological 
conditions (i.e. pH 7.4 and 37 °C).
[71b]
 Figure 2.6.c.i shows an array of Si transistors on a 
polyimide substrate encapsulated with thermally grown SiO2 and Figure 2.6.c.ii shows the 
excellent yield (defined as the number of working transistors divided by the total number of 
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transistors) after extended immersion in a PBS buffer at 70 °C. Molecular dynamics simulations 
reveal important features of the dissolution chemistry (Fig. 2.6.c.iii). The steps include: a water 
molecule, w1, adsorbing and reacting at a -OSiH- site on the surface to hydroxylate the Si atom, 
forming H2 in the process; a second water molecule, w2, further reacting with the -OSiOH- 
group; and the soluble Si(OH)2
2+
 complex desorbing to form silicic acid, Si(OH)4, in solution. 
Slow dissolution processes are vital for high quality electrical performance over timescales of 
days and lifetimes can be predicted using thermally accelerated tests of the dissolution rate (i.e. 
at 96 °C). The reduction in the thickness of a thermal oxide from 0-7 days in such a test is 
evidenced in the SEM images presented in Figure 2.6.c.iv. The data show that the initial oxide 
thickness is linearly correlated with lifetime measurements of the Si NM array.  
 
2.3.3. Epitaxial NMs for High-Performance Optoelectronic Devices 
Optoelectronic devices are enabled by transfer printing direct bandgap III-V materials. 
Figure 2.7.a shows an example of such device technologies. Ultra-thin AlInGaP LED structures 
are epitaxially grown on a GaAs substrate with an AlAs sacrificial layer and are released via an 
etch in hydrofluoric acid.
[4b]
 The AlInGaP LEDs are then transfer printed onto a substrate such as 
glass or a polymer. The example shown in Figure 2.7.a was generated using methods analogous 
to those used to fabricate the buckled Si structures shown in Figure 2.6.a. When the prestrain of 
the PDMS substrate is released, the metal interconnects distribute the strain within a wavy 
structure as is seen in the Figure, with negligible impacts on the emission characteristics of the 
LED from the flat state (~0.3 nm for a 24% induced strain).
[4b]
 This work, among others
[4a, 138, 146]
 




The thinness of NM materials makes them ideal for applications that exploit features other 
than capacities for flexure as well. Notable examples are illustrated in recently reported designs 
for applications in photovoltaics.
[3a, 3b, 3d, 6b, 6d, 71c, 147]
 For materials with high optical absorptivity, 
such as is the case for direct band gap III-V semiconductors, thin devices can reduce costs and 
improve commercial viability without compromising power conversion efficiencies. There has 
been extensive work directed towards improving light management in these thin solar cells, with 
promising potential for future developments in technology.
[3c, 3d, 6d, 147a, 147e, 147f, 148]
 Such 
structures can also be shaped to adopt curvilinear forms
[3d]
 to improve capacities for light 
management
[148b]
 and extend the capabilities of light-concentrating photovoltaics (CPV).
[3b, 3c, 3e]
  
Multi-junction (MJ) solar cells have provided the highest efficiencies for solar energy 
conversion with record monolithic four-junction cells (4J) achieving PCEs of 34.4% at 1 sun 
irradiance.
[3b]
  In principle, monolithic MJ cells can be extended to include additional band gaps 
to better utilize the solar spectrum and enhance performance through the minimization of 
thermalization losses.
[24c, 26b]
 In practice, however, MJ cells are burdened by difficulties beyond 
those of epitaxy
[24c, 26b]
 – most notably, current matching limitations that make integration of 
solar cells that absorb different parts of the solar spectrum difficult due to their varying current 
outputs. Mechanical stacking of NM-PV cells provides a means to overcome this difficulty, as 
recently demonstrated in a study of the fabrication of 4-terminal 4J microcells by stacking three 
junction (3J) cells atop supporting Ge base cells through the use of As2Se3 as the interface 
between them (Fig. 2.7.b).
[3b]
 The Ge cell improves the efficiency from 33.2% to 33.9% under 1 
sun and further improves efficiency from 42.1% to 43.9% under ~1,000 suns (Fig. 2.7.b, right). 
Utilizing advanced designs for concentration optics,
[3b]
 the addition of broadband, angle and 





provides even greater enhancements of performance and establishes a viable approach to 
constructing currently unrealized 5J and 6J cell designs. 
In addition to III-V epitaxially grown structures, Si/SiGe and Ge NMs also find application 
in optoelectronics, particularly for use in the infrared.
[59c, 66d, 116, 150]
 The fabrication processes 
described above can be utilized here to prepare Si/SiGe heterostructures without generating 
misfit dislocations that limit high performance capabilities. Figure 2.7.c shows an example of a 
Si/SiGe quantum well heterostructure that exhibits intersubband transitions in the infrared.
[116]
 A 
Si/SiGe NM stack is epitaxially grown on an SOI wafer and subsequently released and 
transferred onto a p-doped Si substrate. This device utilizes elastically relaxed Si/SiGe NMs to 
epitaxially grow multiple Si/SiGe layers, whereas heterostructures grown on traditional 
substrates are limited as to the number of layers due to the defects that are induced by inelastic 
strain relaxation. The Si/SiGe quantum-well infrared photodetector (QWIP) in Figure 2.7.c 
displays two characteristic peaks, as seen on the right in Figure 2.7.c. These peaks are associated 
with the intersubband transition and a bound-to-continuum transition in which the intersubband 
transition (i.e. ground-state subband to first excited-state subband, HH1-HH2) can only couple to 
TM-polarized light as designated by the polarization selection rules for such absorption. This can 
be seen in the inset of the spectrum in Figure 2.7.c, where the HH1-HH2 peak disappears under 
TE-polarized irradiance. The resulting device exhibits a responsivity at 80 K of 73 mA W
-1
, over 
twice the responsivity of a device epitaxially grown and uncompensated for the lattice mismatch 
strain.
[116]
   
One interesting application of epitaxial III-V NMs is found in their integration onto Si 
devices.
[65, 72a, 147b, 151]
 The heterogeneous integration of compound semiconductors can benefit 
Si-based lasers, as their direct bandgap provides a route to higher achievable efficiencies. For 
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example, InGaAsP was utilized as the active region in a photonic crystal bandedge laser (Fig. 
2.7.d), where an InGaAsP multi-quantum well NM was transfer printed onto a Si photonic 
crystal cavity.
[151a]
 Here, two photonic crystal surface-emitting lasers (PCSELs) were fabricated, 
optimized for operation at 25 K and 180 K. Their operation displayed single mode lasing with 




The use of epitaxial NMs III-V materials can improve Si-based transistors through their use 
as high mobility channel materials to reduce operating voltages; the large lattice mismatch, 
however, has prevented their integration. NMs circumvent this issue and provide a direct means 
for their integration within Si devices. InGaSb and InAs NMs, for example, have been transfer 
printed onto Si/SiO2 substrates for use as channel materials in a p-metal-oxide-semiconductor 
field-effect transistors (p-MOSFETs) and n-MOSFETs, respectively.
[65]
 A schematic of such a 
design is shown in Figure 2.7.e where a 20 nm thick InAs/InGaSb/InAs NM forms the active 
channel material of a p-type FET.
[65b]
 The TEM image at the bottom of Figure 2.7.e shows the 
single-crystalline quality of the printed NM retained upon transfer. This device demonstrates a 






, comparable to that of strained Ge NM p-FETs
[152]
 and 
strained buried InGaSb NM p-FETs,
[153]







. The hole mobility for this device is also ~5x higher than that of conventional Si p-
MOSFETs,
[65b]




Applications of NM arrays for directed cellular growth have been intensively studied,
[67b-d, 
154]
 and further electrical studies of action potentials for neuronal networks typically incorporate 
arrays of micro-electrodes.
[67d, 155]
 An alternative optical detection method with much improved 
52 
 
signal-to-noise ratios has been described by Koitmäe and coworkers;
[154a]
 using a heterostructure 
of GaAs/InAlGaAs self-rolled as a nanotube with an optically active GaAs QW region.
[154a]
 
Encapsulated with PDMS and parylene-C to prevent cell toxicity,
[67a]
 cerebellar granule neurons 
were selectively plated to regions patterned with poly-L-lysine (PLL), showing chemical and 
geometric cues for neurite outgrowth around and inside of the nanotubes (Fig. 2.7.f). The growth 
can then be monitored optically via confocal microscopy, as seen on the right in Figure 2.7.f, 
where the thinness of the nanotubes allows sufficient transparency to monitor cell dynamics 
within the tubes. In this way, axons growing on the outside of the tubes (shown in red), axons 
growing inside of the tube (shown in blue), and empty tubes (shown in black) can be easily 
discriminated. A very recent paper has shown direct neurophysiology studies being carried out 
on NM microcellular frameworks that were used to support and reassemble multicellular tissue 
mimetic organizations of dorsal root ganglia.
[114]
  Schemes for geometrical and chemical cues for 
directed growth of cellular networks can be extended very broadly to other material sets and 
other cell types as well, results that show an emerging area of opportunity for the use and 





In this review, we have discussed strategies that embody unique frameworks for next-
generation electronic and optoelectronic devices. The use of semiconductor NMs facilitates these 
unique frameworks in such a way that utilizes the knowledge base from years of processing 
optimization and builds upon it, expanding device applications to stretchable and flexible 
electronics, spintronic and valleytronic electronics, transient devices, etc. Applications have 
taken inspiration from biology, compressively buckling Si NMs into a variety of unique 
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architectures that still retain electrical performance characteristics rivaling that of rigid and 
planar integrated circuits. Further, NMs have been incorporated into biological studies in which 
electrical devices are implanted and dissolve over controlled timescales, or into studies that 
utilize the unique rolled-up architectures of semiconductor NMs to direct growth of cellular and 
neuronal networks. Atomically thin materials are relatively new as compared to NMs prepared 
via traditional patterning and etching techniques, but a sufficient amount of progress has been 
made on synthesis and passivation techniques that improve mobilities and the physical lifetime 
of the material prior to degradation. The transparency of ML materials is attractive for a variety 
of applications and moreover, is impressive when the absorptivity of the materials is considered. 
Transparent photovoltaics and LEDs could be possible with MoS2, for example. These results 
foreshadow a future for soft electronics with characteristics and features that are profoundly 
different from those existing ones and thus offer broad societal implications. 
These aspects of semiconductor NMs are quite promising for future electronic and 
optoelectronic devices, but future work on synthesis of high quality, high-throughput NMs is 
needed prior to large-scale fabrication for industrial applications. In particular, the synthesis of 
2D materials largely focuses on exfoliation techniques to produce the highest quality material; 
however, when attempting large-scale vapor- or liquid-based synthesis techniques, the device 
performance suffers. With these improvements, NMs provide opportunities for unique forms of 
function that exploit the NM figures of merit. These opportunities include flexible, wearable 
electronics, bio-electronic integration, spintronic and quantum devices, transparent 




Table 2.1. Electronic Properties of 2D NM Materials 
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Figure 2.1. Methods of fabrication for 2D materials. (a) ME schematic of a ML of material and (b) 
corresponding AFM image of an exfoliated MoS2 ML.
[74]
 (c) LPE schematic via sonication (top) and Li
+ 
ion intercalation (bottom) and (d) corresponding TEM image of a MoS2 flake exfoliated via sonication.
[78]
 
(e) Schematic of a CVD process to prepare MoS2 sheets. (f) Optical image of MoSe2/WSe2 heterostructure 
(top left) and photoluminescence maps of MoSe2 (red, bottom right), WSe2 (green, bottom left), and the 
MoSe2/WSe2 heterostructure (top right). Scale bars, 10 μm.
[90c]
 (g) GaN synthesis schematic (left) and 
HAADF-STEM cross-section of 2D GaN (right).
[94]
 (h) Schematic of thermal evaporation of silicene (left) 
and evolving structures (right).
[98a] 
Reproduced from ref. 74 and 98a with permission from ACS, ref. 78 





Figure 2.2. Silicon NM synthesis. (a-c) Schematic illustrations of fabrication processes and of Si NMs, 
including (a) anisotropic etching, (b) etching of the buried oxide, and (c) back etching. (d-f) Images of Si 
NMs prepared from (d) anisotropic etching,
[103]
 (e) etching of the buried oxide,
[1b]
 and (f) back etching.
[71b]
 
(g) SEM images of multilayer Si NMs.
[71a]
 (h) SEM and TEM images of ultrathin Si NMs.
[58a] 
Reproduced 
from ref. 1b with permission from Nature, ref. 58a and 71a from ACS, ref. 71b from PNAS, and ref. 103 









Figure 2.3. Synthesis of epitaxial NMs. (a) GaAs epitaxial structure. (b) Multiple GaAs PV devices 
prepared from epitaxial lift-off.
[6d]
 (c) Flexible GaAs PV array.
[6a]
 (d) Schematic of NM self-rolling
[59d]
 and 
(e) InAs/GaAs NM self-rolled tube.
[112]
 (f) Si/SiGe NM self-rolled tubes directing cell growth.
[67b]
 (g) 
Schematic of strained SiGe NM preparation and (h) image of a strained SiGe transistor array.
[115a]
 (i) SEM 
of a double QD structure on a Si/SiGe NM.
[66a]
 Reproduced from ref. 59d and 66a with permission from 
IOP Publishing, ref. 67b from ACS, ref. 6d and 115a from Nature, ref. 6a from Cambridge University 




Figure 2.4. 2D NM electronic and optoelectronic devices. (a) Schematic of the method to prepare a 
silicene FET.
[96b]
 (b) Schematic of a MoS2 FET with HfO2 dielectric layer (left) and its transfer 
characteristics (right).
 [76a]
 (c) Schematic of a gated WSe2 LED, its electroluminescence image (middle) and 
spectrum (right).
[75a]
 (d) SEM (left) of a 3D SU-8 structure (dark grey) with MoS2 photodetectors (green) 
interconnected with graphene (light grey) and its angular photodetection as compared to a protractor 
(right).
[131]
 (e) BP photodiode with a ring electrode (left), photocurrent microscopy images at 0°, 30°, 60°, 
and 90° polarization angles (middle), and photoresponsivity at 0° and 90° (right).
[73d] 
Reproduced from ref. 





Figure 2.5. Assembly of Si NMs. (a) SEM images of Si NM assembled into 3D shapes, involving an array 
of wavy Si nanoribbons (left),
[72b]
 controlled buckling of Si nanoribbons (middle),
[135]
 and arc-shaped 
open-mesh structures buckled in two dimension (right).
[68e]
 (b) Schematic illustration of the deterministic 
assembly of 3D mesostructures.
[68f]
 (c) SEM images of representative 3D mesostructures made of Si. Scale 
bars, 200 μm.
[72c, 137]
 (d) Assembled 3D structures that span from sub-micron scale to meter scale.
[1c] 
Reproduced from ref. 72b, 137a, 137c with permission from AAAS, ref. 1c from Elsevier, ref. 68f, 135 




Figure 2.6. Bioresorbable electronics based on Si NMs. (a) i. Schematic of a pressure sensor. ii. Optical 
image of the sensor implanted in a rat. iii. Measurement of pressure in the brain. iv. Optical images of the 
sensor after immersion in aqueous buffer solution.
[142]
 (b) Images of an actively multiplexed array before 
(i) and after (ii) implantation. iii. Representative delay map for the epileptic spike activity. iv. Optical 
images of the device after immersion in aqueous buffer solution.
[143]
 (c) i. Image of flexible Si electronics 
with a SiO2 biofluid barrier. ii. Immersion test of the encapsulation at 70 °C. iii. Molecular dynamics 
simulation of the hydrolysis of SiO2. iv. SEM images of SiO2 when immersed at 96 °C in PBS.
[71b] 




Figure 2.7. Epitaxial optoelectronic devices. (a) Flexible array of AlInGaP LEDs.
[4b]
 (b) Image of 4J microcell, 
(left) schematic (top right), and its efficiency (bottom right).
[3b]
 (c) Strained SiGe quantum well IR photodetector 
(left) and its response (right).
[116]
 (d) InGaAsP quantum well on a Si photonic crystal bandedge cavity (top) and 
its lasing spectral output at 180 K (bottom).
[151a]
 (e) InGaSb NM on Si (top) and TEM of the heterostructure 
(bottom).
[65b]
 (f) SEM of neurite growth on a InAlGaAs/GaAs NM tube (left, scale bar, 1 μm) and intensity line 
plot (top right) of an axon outside (red) and inside (blue)of the tube, and an empty tube (black), shown 
schematically (bottom left) and in the confocal image (bottom right, scale bar, 20 μm).
[154a] 
Reproduced from ref. 
4b with permission from AAAS, ref. 65b, 116 from ACS, ref. 3b, 151a from Springer Nature, and ref. 154a from 
John Wiley & Sons. 
62 
 
CHAPTER 3: OPTIMIZATION OF PHOTON AND ELECTRON COLLECTION 





Photovoltaic (PV) devices are a promising alternative to fossil fuels as the push towards 
sustainable energy sources continues.  Silicon (Si), in particular, has been a dominate materials 
choice for PV modules due to its natural abundance, low toxicity, and well-established 
manufacturing and processing techniques.  An enduring hurdle that the PV industry continually 
battles, however, is cost.  Many strategies have been developed to reach grid parity and include 
reducing overall material consumption,
[3d, 6b]
 increasing the collection efficiency of the device,
[23, 
25, 27a, 157]
 and integrating light trapping structures.
[6c, 158]
 
One interesting strategy for reducing the cost of Si PV utilizes ultrathin (2-50 µm) solar 
micro-cells (μ-cells).
[3d, 6b]
  These thin Si μ-cells in principle provide a means to reduce costs by 
enabling the fabrication of multiple generations of devices on a single wafer as well as relaxing 
purity restrictions of the source wafer, as shorter carrier diffusion lengths can be tolerated due to 
the reduced thickness of the device.
[6c, 24c]
  Ultrathin μ-cells suffer from low power densities, but 
these can be mitigated through the use of concentrating optics.  The design of concentrator Si μ-
cells needs to be carefully considered as concentration can place a heavy burden on efficient 
carrier transport within the cell (i.e. series resistance) as well as complicate the efficient 
collection of incident photons.
[31, 159]
  In particular, the series resistance of the cell is a necessary 
parameter to minimize as the associated power loss follows as the square of the current and can 
2
The content of this chapter is reproduced with permission from Mikayla A. Yoder, Yuan Yao, Junwen 
He, and Ralph G. Nuzzo. “Optimization of Photon and Electron Collection Efficiencies in Silicon Solar 
Microcells for Use in Concentration-Based Photovoltaic Systems,” Adv. Mater. Technol. 2017, 2, 
1700169, Copyright © John Wiley & Sons 
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be reduced through the adaptation of traditional contact designs used for Si concentration solar 
cells.
[28a, 28e]
  This parameter becomes even more crucial to optimize in concentration designs, 
considering the large amount of current produced in each pixel element of a microcell-based PV 
array.  In the present work, we investigate the integration of a back contact design along with 
other materials-centric improvements to afford enhanced performances in Si μ-cells integrated 
with concentrator optics.  This design specifically allows increased metal contact surface 
coverage, decreasing the series resistance and providing capacities for photon reflection at the 
back surface without introducing shadowing losses.  Doing so additionally allows modifications 
to be made to the front side of the solar cell in benefit to its optical and electrical performance.  
With a refractive index of 3.4, bare Si reflects roughly 30% of the incident light simply due to 
Fresnel losses.  These losses are mitigated through an anti-reflection coating of silicon nitride 
that effectively reduces reflection.  This thin layer also reduces the recombination losses that 
result from dangling bonds at the Si surface, electrically passivating the solar cell.
[27e, 27f, 160]
  
Taken together, these improvements provide an optimized path to exploiting μ-cell motifs 
integrated with optical and photonic systems for light concentration. 
Regarding the latter, concentrator systems can be designed in various ways to increase 
capture of incident irradiation.  Traditional concentration photovoltaic (CPV) systems utilize a 
geometric lens that has a narrow range of acceptance angles as dictated by the ètendue 
conservation law.
[3f, 24c, 26b]
  This also means that CPV modules are not able to capture diffuse 
light, which encompasses as much as 20% of the total incident solar radiation in extremely sunny 
(i.e. high DNI) locations.
[24c, 26b]
  One type of module that is able to capture diffuse light is a 
luminescent solar concentrator (LSC).
[32, 161]
  In an LSC, a luminophore is embedded in a 
waveguide that can absorb incident radiation and re-emit light at longer wavelengths, which is 
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then directed towards a solar cell through the total internal reflection modes of the waveguide.  
These systems have very high theoretical concentration ratios however, experimentally, they are 
limited by a number of parasitic losses.
[3c, 32-33]
  The integration of an LSC with a traditional CPV 
module captures the main advantages of both systems while simultaneously compensating for the 
losses inherent in each.  In this paper, we explore these ideas in conjunction with improved 
materials and enabling means of fabrication for the PV μ-cells—integrating back contact Si μ-
cells within a dual concentrator configuration to improve the performance and power output of 
the pixels in a modular μ-cell PV array.  A schematic depiction of the photonic design examined 
in this exemplary case is shown in Figure 3.1.a and 3.1.b in which the lens provides highly 
concentrated direct light to the underlying μ-cells while the diffuse light is collected and guided 
to them by the LSC. 
 
3.2. Experimental Methods 
3.2.1. Fabrication of Silicon μ-cells 
The fabrication is outlined in Figure 3.2, and begins with a boron-doped 4” Czochralski 
silicon wafer (380 μm, (111) orientation, resistivity 1 Ω-cm, Silicon Materials).  In order to 
expose <111> crystal planes for fabrication alignment purposes, the 4” wafers were fractured 
along the <111> planes upon applied stress.   
 
3.2.1.1. RCA Cleaning 
Prior to any high temperature process, an RCA clean was done on the samples: 




RCA2 Clean: Remove metallic/ionic contaminants with a 5:1:1 H2O:H2O2:HCl etch at 80°C for 
10 minutes. 
Samples were etched in buffered oxide etchant (BOE 6:1, Transene) before and after each 
cleaning step to remove the oxide layer formed. 
 
3.2.1.2. Thermal Oxidation and Phosphorus Doping 
After samples were cleaned, a SiO2 doping mask was grown at 1000°C for 60 minutes under 
a steam atmosphere (<0.2 LPM O2 flow through boiling DI water) in a quartz tube furnace.  The 
oxide thickness was measured to be 330 nm via ellipsometry (J. A. Woolam VASE 
Ellipsometer).  All oxide thicknesses were measured with ellipsometry and can be found in 
Table 3.1.  Additionally, cross-sectional SEM images were taken after full device fabrication 
and final oxide thicknesses of the top side and sidewalls were measured (Fig. 3.3). 
Standard photolithography defines the n
+
-doped regions of the μ-cells, where the short axes of 
the μ-cells are aligned along the <110> crystal planes of the wafers as seen in Figure 3.2.b (AZ 
5214-E, AZ Electronic Materials): 
HDMS treatment in a vacuum oven at 150°C  
Spin-coat AZ 5214-E at 3000 rpm 
Softbake at 110°C for 1 minute 
Expose 100 mJ/cm
2
 at 365 nm (Karl Suss MJB3 mask aligner) 
Develop in AZ 917-MIF developer for 30-40 seconds 
Hardbake at 110°C for 3 minutes 
O2 descum (150 mT, 250 W, 3 sccm O2) for 2 minutes (Plasma Descum System, Diener) 
The exposed regions of the oxide were etched in BOE 6:1 for approximately 4-5 minutes, or 
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until hydrophobic.  The photoresist was removed with acetone and isopropyl alcohol (IPA) and 
the samples were RCA cleaned.  Samples were then doped with solid-state sources of 
phosphorus (PH-1000N, Saint Gobain) at 900°C for 30 minutes.  The sheet resistivity was 
measured with a four-point probe (Pro4, Signatone) and samples averaged a sheet resistivity of 
60 Ω/□.   
 
3.2.1.3. Thermal Oxidation and Deep Etch 
The samples were then RCA cleaned and a second wet oxidation was done at 1000°C for 100 
minutes.  After this oxidation, a 570 nm oxide was grown for a total oxide thickness of 637 nm 
(Table 3.1).  Photolithography then defines the lateral dimensions of the μ-cells.  The same 
processing conditions for AZ 5214-E photoresist (above) were used.  The exposed oxide was 
etched in BOE 6:1 for approximately 7-8 minutes or until the surface was hydrophobic.  The 
thickness of the μ-cells was then defined via inductively-coupled plasma deep reactive-ion etch 
(ICP-DRIE, Surface Technology Systems Pegasus).  A standard Bosch process was used to etch 
the silicon.  The etch was done at a pressure of 140 mTorr, etching for 7 sec/cycle at 2800 W coil 
power and 42 W platen power with 470 sccm SF6 and 45 sccm O2.  The passivation was done at 
a pressure of 25 mTorr, passivating for 4 sec/cycle at 2000 W coil power and 0 W platen power 
with 200 sccm C4F8.  An average of 20 cycles etched approximately 35-40 μm Si, defining the 
thickness of the μ-cells.  The samples were then cleaned with acetone/IPA and RCA1 to remove 
the photoresist and the passivation layer. 
 
3.2.1.4. Sidewall Passivation and Undercut 
After the ICP-DRIE, the sidewalls of the μ-cells are scalloped due to the Bosch process (Fig. 
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3.4.a and 3.4.b).  A quick etch in BOE 6:1 removes the native oxide and an etch in 25 wt.% 
tetramethylammonium hydroxide (TMAH, Sigma-Aldrich) for 2-3 minutes both smooths the 
sidewalls and creates a canopy-like structure, as seen in Figure 3.4.c and 3.4.d.  The samples are 
RCA cleaned and a wet oxidation at 1000°C for 24 minutes grows a 197 nm oxide on the 
sidewalls of the μ-cell (Table 3.1).  The trench floor oxide was selectively removed via RIE 
(Plasma Therm 790 series) with 10 sccm CHF3 and 2 sccm O2 at 35 mTorr and 175 W for 6-7 
minutes.  The dry etch is pseudo-anisotropic such that the sidewall oxide is barely etched.  The 
samples are etched in BOE 6:1 for 15-20 seconds or until the surface is hydrophobic, which 
confirms the removal of the trench floor oxide.  The μ-cells are then released from the source 
wafer via an anisotropic etch in TMAH at 80°C for ~2.5 hours.  At this point, the μ-cells are 
floating on the source wafer, attached at the anchor locations seen in Figure 3.2.g (red arrow). 
 
3.2.1.5. Photolithography and Boron Doping 
Standard photolithography is then used to define the p
+
-doped regions of the μ-cell (AZ 
P4620, Integrated Micro Materials): 
HDMS treatment in a vacuum oven at 150°C 
Spin-coat AZ P4620 at 1000 rpm for 10 sec, 2000 rpm for 30 sec 
Softbake at 65°C for 5 minutes, then 95°C for 20 minutes 
Expose 400 mJ/cm
2
 at 365 nm (Karl Suss MJB3 mask aligner) 
Develop in 3:1 H2O:AZ400K developer (AZ Electronic Materials) for 2 minutes 
O2 descum (150 mT, 250 W, 3 sccm O2) for 3 minutes (Plasma Descum System, Diener) 
Hardbake at 70°C for 20 minutes (ramp from 35°C to 70°C over 1 hour) 
The exposed oxide was etched in BOE 6:1 for ~4 minutes.  The photoresist was then 
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removed with acetone/IPA and the samples were RCA cleaned.  The μ-cells were then boron-
doped with solid-source boron wafers (BN-975, Saint Gobain) at 1000°C for 15 minutes.  The 
borosilicate glass (BSG) layer was etched in HF 20:1 for ~2 minutes. 
 
3.2.1.6. SiNx Deposition 
A silicon nitride anti-reflection coating was deposited via plasma-enhanced chemical-vapor 
deposition (PECVD, Surface Technology Systems Mesc Multiplex) at high frequency (13.56 
MHz).  The deposition time was optimized to deposit ~200 nm, resulting in 150 nm deposited on 
the top side and 40-50 nm deposited on the underside of the μ-cells (Fig. 3.2.d and 3.2.e). 
 
3.2.1.7. Photolithography and Contact Deposition 
Photolithography with AZ P4620 was used to define the metal contact areas of the μ-cells.  
The same processing conditions for AZ P4620 photoresist (above) were used.  The exposed 
oxide/nitride was etched in BOE 6:1 for ~5 minutes.  Electron-beam evaporation (Temescal) was 
used to deposit Cr/Au (10/200 nm) for contact pads and lift-off in acetone removed the 
photoresist and Cr/Au in the remaining areas. 
 
3.2.2. Transfer Printing Si μ-cells 
The receiving substrates were first prepared by cleaning glass coverslips in piranha solution 
(3:1 H2SO4:H2O2).  A UV-curable polymer (NOA61, Norland Products) was spin-coated onto 
the coverslips at 3000 rpm for 45 seconds and partially cured under UV light (540 mJ/cm
2
 at 365 
nm) with a Karl Suss MJB3 mask aligner.  
A polydimethylsiloxane (PDMS) stamp was prepared (Sylgard 184, Dow Corning) by 
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casting PDMS over a Si (100) wafer (Silicon Materials) that was previously patterned via 
photolithography (SU-8 50, MicroChem Corporation).  The stamp resembles the dimensions of 
the μ-cells (1.5 mm x 200 μm) for selective adhesion during transfer printing.  An automated 
transfer printing machine was used to pick up the μ-cells from the source wafer and print them 
onto the prepared receiving substrates.  The NOA was then fully cured under a 100 W UV source 
for 15 minutes. 
 
3.2.3. Planarization and Interconnection 
The printed μ-cells were first planarized with either NOA61 or DCM in NOA61 (LSC 
matrix).  A 0.08 wt.% DCM in NOA61 solution was prepared as described in reference 3c.
[3c]
  
Soda lime glass beads with a 30 μm diameter (SPI, Product #2714) were dispersed on the 
substrate and a pre-treated quartz plate (Repel Silane, GE Healthcare) was set on top of them.  
Either NOA61or the LSC matrix was then filled in the void via capillary action and UV-cured.  
Interconnects were deposited via e-beam evaporation of Ti/Au (10/150 nm) through a shadow 
mask.  Cu wires were attached to the Au contact pads on the substrate with Ag epoxy (E4110, 
Epoxy Technology) that was cured in a vacuum oven at 120°C for 1 hour.  The entire substrate 
was then flipped over for testing. 
 
3.2.4. Solar μ-cell Characterization and Testing 
3.2.4.1. Indoor Testing 
A full-spectrum solar simulator (Model 91192, Oriel) was used to collect I-V data of the μ-
cells with a source meter (Model 2400, Keithley).  The simulator is equipped with an AM1.5D 
filter and calibrated to 1000 W cm
-2 
at room temperature using a Si reference cell (Model 
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91150V, Newport-Oriel).  Concentration data was collected using a plano-convex lens (Model 
KBX145, Newport) and vertically translated to obtain varying concentration ratios.  An anodized 
aluminum (AA) plate was used behind the μ-cell during measurements in order to suppress 
reflection from the sample stage, as the μ-cell devices are inherently transparent.  Using the AA 
plate provides consistent comparison between sequential testing of μ-cells. 
 
3.2.4.2. Outdoor Testing 
Outdoor measurements were done in order to collect diffuse light, otherwise not possible 
indoors.  Measurements were taken at the Bondville Illinois Climate Network Station where 
daily irradiance data is collected.  Direct-normal solar irradiation is collected with a normal 
incidence pryheliometer and the diffuse solar irradiation is collected with an Eppley 8-48 "black 
and white" pyranometer.  The total irradiation is a summation of these two measurements.  The 
irradiation is plotted for each day during the time period that testing was done.   
A cylindrical lens (LJ1695L2, Thorlabs Inc.) was mounted on a 3-axis stage and aligned for 
the highest current output of the μ-cell prior to collecting data.  Data was taken either with an AA 
plate or a diffuse back side reflector (Spectralon, Labsphere) on the backside of the device.  The 
power density plotted in Figure 3.7.f was normalized to 1 Sun (1000 W/m
2
) according to the 
measured global irradiance during the time point of the measurement. 
 
3.3. Results and Discussion 
3.3.1. Back Contact Si μ-cell Fabrication and Analysis of Series Resistance 
Figure 3.1.c and 3.1.d illustrate the requirements for optimized electrical performance 
(notably the need to minimize series resistance) in Si μ-cells for uses joined with light 
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concentration.  The top-contacted μ-cell shown in Figure 3.1.c is only 30 μm thick, with a short 
(100 μm) and long (1.5 mm) axis that are specifically oriented on the source wafer in order to 
allow for the cells to be anisotropically etched along the short axis.
[6b]
  The μ-cell has many 
sources of resistance within it (Fig. 3.1.c), the largest likely accruing from carriers diffusing 
through the emitter towards the metal contact pad (Remitter) due to the small contact pads on the 
top of the μ-cell (necessary to minimize shadowing losses).  This source of resistance is plainly 
evidenced in the J-V curves shown in Figure 3.1.d.  These data show that, as concentration (i.e. 
current density) increases, the fill factor (FF) decreases markedly.  In quantitative terms, the FF 





where VMP and JMP are the maximum power point voltage and current density, respectively, VOC 
is the open circuit voltage, and JSC is the short circuit current density.
[24c]
  When the FF 
decreases, it is apparent that this loss is directly related to the shift seen in the maximum power 
point.  As power dissipation is proportional to I
2
R, the minimization of series resistance (RS) is 
crucial for high power and thus high performance devices under concentration.  The dashed line 
shown in the J-V curves (Fig. 3.1.d) is at the maximum power point voltage from the 1 Sun 
measurement and is presented as a guideline for the eye to show the power loss associated with a 
high RS.  In an ideal solar cell, the current density and operating voltage linearly and 
logarithmically increase with concentration, respectively, and therefore the power also increases.  
In this case, a high RS plagues the performance of the solar cell at higher concentration, negating 
the positive effects on power that light concentration generally provides. 
Typical bus contact designs have multiple, thin fingers so-placed in conjunction with a thick 





  Alternatively, back contacts can be used to increase metal coverage 
for cases where impacts due to RS are a major concern (i.e. at high concentration).
[6c, 23, 28a, 28e]
  
Backside metallization can also prove of benefit in thin cells as a consequence of the 
contributions they can make as a backside reflector of low energy photons.
[24c, 158b]
  The 
schematic in Figure 3.1.e illustrates a back contact design optimized for use with the specific Si 
μ-cell form factor adopted in this work (see above), one adapted from traditional interdigitated 
back contact (IBC) designs.
[28a, 28e]




 doped regions on 
the same side of the μ-cell, the width of the device was doubled from 100 to 200 μm from the top 
contact design shown in Figure 3.1.c.  The width was kept relatively small in order to 
successfully undercut the μ-cells with an anisotropic etchant (detailed below).  The contacts were 
designed in a simplified L-shaped IBC configuration that reduces both the necessary 





doped areas.  Simulations were carried out with COMSOL Multiphysics 5.3a that follow a 
previous procedure
[163]
 in which RS is quantified via resistive heat losses within the solar cell.  As 
seen in Figure 3.1.f, with increasing metal coverage the RS decreases as expected and plateaus 
above a metal coverage of around 0.5.  Beyond this coverage, the RS drop is minimal and the risk 
of shunting the device increases.  The μ-cells adopted for study in this work have metal contacts 
that cover 38% of the back area, placing the μ-cells in a regime with low RS while keeping the 
devices from shunting. 
The process flow for the fabrication of the back contact Si μ-cells is shown in Figure 3.2.  In 
order to lithographically pattern the doped areas and contacts, the μ-cells are fabricated upside 
down.  The process begins with a wet oxidation of a boron-doped Si (111) Czochralski (CZ) 
wafer (resistivity 1 Ω-cm) at 1000°C.  The designated n
+
-doped regions of the cells are then 
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outlined via photolithography and the patterned oxide is etched with buffered oxide etchant 
(BOE).  Solid phosphorus sources dope the unmasked regions of the devices via diffusion at 
900°C for 30 minutes to achieve a sheet resistivity of ~60 Ω/□.  The dimensions of the μ-cells 
are then defined via a deep, dry etch.  An oxide is first grown via wet oxidation at 1000°C 
followed by photolithography and subsequent BOE etching of the patterned oxide.  The 
thickness of the μ-cells is then defined by a deep etch performed via the Bosch process in which 
an inductively-coupled-plasma reactive ion etch (ICP-RIE) sequentially etches Si and passivates 
the sidewalls with a Teflon-like polymer in order to produce 90° sidewalls.
[164]
  Figure 3.2.a 
illustrates the μ-cells after this deep etch; the characteristic ridges from the Bosch process can be 
seen in the SEM image in Figure 3.2.b and in further detail in Figure 3.4.  The μ-cells are 
aligned so that the short axes of the devices are parallel to the <110> direction, enabling the use 
of an anisotropic etchant, tetramethylammonium hydroxide (TMAH), to etch the fast-etching 
{110} planes and release the μ-cells from the source wafer (Fig. 3.2.c).
[104a, 165]
  The devices are 
cleaned and briefly undercut in TMAH (~3 μm) to achieve smooth sidewalls (Fig. 3.4). Prior to 
releasing the μ-cells, the sidewalls are passivated to provide an etch stop for the TMAH with a 
wet oxidation at 1000°C.  The oxide on the trench floor is then etched via Plasma-Therm RIE, 
keeping the sidewall oxide intact in order to undercut the cells with TMAH.  The final sidewall 
oxide thickness is approximately 60 nm and the top side oxide is approximately 250 nm; these 
layers act as a mask to prevent TMAH from etching into the actual devices.  Oxide thicknesses 
were characterized by taking cross-section SEM images, examples of which can be seen in 
Figure 3.2.d (top side oxide, shown in red) and Figure 3.3 (sidewall oxide) and ellipsometric 
oxide measurements can be found in Table 3.1.  The undercut is performed at 80°C in TMAH 
for approximately 2.5 hours and is terminated when the devices are floating, secured to the 
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source wafer by the remaining anchor structures (red arrow in Fig. 3.2.g).  Photolithography and 
a BOE etch of the patterned oxide outline the designated p
+
-doped area of the μ-cell and boron 
doping is performed at 1000°C for 15 minutes.  A silicon nitride (SiNx) coating is then deposited 
via plasma-enhanced chemical vapor deposition (PECVD) at high frequency (13.56 MHz).  An 
intriguing part of the processing is that the SiNx is able to coat all sides of the device, with 
exemplary top and back side thicknesses of the plasma-deposited thin film shown in blue in the 
colorized cross-sectional SEM images in Figure 3.2.d and 3.2.e.  Finally, contacts are patterned 
via photolithography and the oxide/nitride layers etched to expose the contact regions prior to 
metal (Cr/Au) deposition.  The final devices are shown schematically in Figure 3.2.f with an 
SEM image of the final devices anchored to their source wafer shown in Figure 3.2.g.  
 
3.3.2. One Sun Performance of Si μ-cells and Optimized Front Surface Reflection 
The finished μ-cells can be regarded as a solid ink that, in conjunction with an elastomeric 
stamp, can be retrieved and subsequently printed onto a variety of substrates.
[5b-e]
  Here, we 
utilize polydimethylsiloxane (PDMS) to print the μ-cells onto a glass coverslip that is coated 
with an adhesive (NOA 61, Norland).  The transfer printing technique is shown schematically in 
Figure 3.5.a.  This pick-and-place technique does not re-orient the μ-cells and as a result the 
lithographically patterned back contacts remain facing upwards after transfer printing.  The 
entire substrate (glass coverslip, 170 μm thick) is then flipped over in order to test the μ-cells and 
determine the degree of improvement realized with the back contact design, simultaneously 
providing a protective cover for the μ-cells.  This unique optical path, however, places a large 
burden on optimizing the interfaces present within it, specifically those associated with reflection 
losses and photon absorption at the front surface of the device.  The absorbing surface of the Si 
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μ-cell is the most crucial to modify as 30% of incident illumination will be lost simply due to 
Fresnel reflections.  Anti-reflection coatings of SiO2 can easily be fabricated with a final 
oxidation step,
[6b]
 however, the high temperatures required to produce a high quality oxide result 
in diffusion of dopants that are in close proximity and deteriorate the performance of the μ-cell.  
Alternatively, low temperature PECVD operates around 300-400°C, and the SiNx so deposited 
can be exploited as an anti-reflection coating.  At the time of deposition, the μ-cells are still 
anchored upside down on the source wafer and thus are shadowed from direct elements of the 
deposition flux.  This deposition is not a ballistic one, but a deposition of 150 nm SiNx on the top 
side of the μ-cell (Fig. 3.2.d, orange box) suffices to provide a 43 nm, uniform thin-film on the 
bottom side (i.e. illuminated side) of the μ-cells (Fig. 3.2.e, purple box).  The efficacy of the 
SiNx coating is evidenced in both the J-V curves and external quantum efficiency (EQE) data 
presented in Figure 3.5.b and 3.5.c, respectively.  With the addition of the SiNx anti-reflection 
coating, the measured JSC increases from 18 to 31 mA cm
-2
 and the EQE nearly doubles over the 
entire wavelength range.  The hydrogenated SiNx coating also electrically passivates all surfaces 
of the μ-cells, reducing surface recombination by terminating dangling bonds with hydrogen.
[27d, 
27f, 160]
  Overall, these improvements result in a power conversion efficiency of 13.7% for the 
passivated back contact μ-cells. It should be noted that the data shown in Figure 3.5 is from one 
representative device, whereas the quantitative data are the result of averages of measurements 
made on larger samplings of devices (n>3). 
 
3.3.3. Si μ-cell Performance under Concentration and Integration into a Model Dual 
Concentration System for Direct and Diffuse Irradiance 
The main advantages of the back-contact design are exemplified when the μ-cells are tested 
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under concentration.  Series resistance is the main cause of degradation in CPV technologies and 
much care is taken to minimize it as much as possible.
[3e, 24c, 31]
  Even if each incident photon can 
be utilized to create an electron/hole pair, the efficiency of the device will not be upheld without 
efficient carrier collection.  This concept can be visualized in the comparison made of the back 
contact μ-cells (red) with our earlier generation (see above) top contact μ-cells (black), the data 
for which are given in Figure 3.6.  It is evident from the J-V curves shown in Figure 3.6.a that 
the redesigned contacts markedly improve overall performance at high current densities.  The 





where JSC, concentration is the short circuit current density under concentrated illumination and JSC, 1 
Sun is the short circuit current density under 1 Sun illumination. This results in slightly varying 
concentration ratios at similar current densities due to the different 1 Sun JSC values for each μ-
cell (27 mA cm
-2
 for top contacts and 31 mA cm
-2 
for back contacts).  Since the power loss is 
proportional to the square of the current, similar current densities were chosen for the 
performance comparisons made of each μ-cell instead of their specific concentration ratios.  In 
the J-V curves, the most apparent performance improvement is seen in the FF, plotted here 
against their respective short circuit current densities in Figure 3.6.b.  As previously discussed, 
the FF is closely related to the output power of the μ-cell, which is evident in Figure 3.6.c where 
the power density is plotted for both μ-cell designs with similar current density output (~630 mA 
cm
-2
).  By optimizing the contact design, the maximum power density has increased from 217 to 
346 mW cm
-2
; an increase of nearly 60%.  This increase in power is a direct consequence of the 
reduced RS within the μ-cells, as the power loss is directly proportional to I
2
R.  The RS of the μ-





  The method used here calculates a RS value from the dark I-V curve, 
RS,dark, as well as a value from the 1 Sun I-V curve, RS,light.  The two values are calculated 
separately due to the different current flow patterns in both cases, but then are added together 
along with a correction factor for a total RS value.  Calculated values of RS are plotted in Figure 
3.6.d, which shows that the back-contact design reduces RS by a factor of two as a consequence 
of the enhanced carrier transport through the metal contacts.  The experimental values here have 
a larger RS than the simulation in Figure 3.1.f due to their difference in device-level testing.  
Experimentally, the μ-cells are fully interconnected with multiple metal-metal interfaces (i.e. 
evaporated Au/Ag epoxy/Cu wire) that increase RS whereas the simulation calculates RS solely 
for the μ-cell.  The reduction in RS directly correlates to the improved performance seen under 
concentration and provides better optimized μ-cells for use in new designs for light concentration 
based photovoltaic modules.  An exemplary test in the spirit of this comment is given 
immediately below. 
We further tested the optimized back contact μ-cells by integrating them into the dual 
function light concentration system previously described in the schematic of Figure 3.1.a and 
3.1.b.  In addition to a traditional geometric lens for concentration of the direct components of 
the solar flux, we further affixed a dye-based luminescent waveguide (one of modest efficiency 
as a consequence of the model luminophore used)
[3c, 32, 167]
 that would serve to capture diffuse 
light and re-direct it as luminescent photons towards the μ-cell.  The addition of the LSC is a 
simple way to capture diffuse photons, and if made with high efficiency LSC optics might enable 
the use of concentration systems in areas with low direct normal irradiance (DNI).
[3c, 33b, 33c]
  The 
waveguide also allows for relaxed tracking requirements, as concentrated light from the lens that 
is not focused directly onto the μ-cell would be absorbed by the luminescent layer and eventually 
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re-directed towards the μ-cell.  A schematic of the experimental procedure used to test this 
binary optical device is shown in Figure 3.7.  First, a dye solution of DCM (Exciton) and a UV-
curable polyurethane (NOA 61, Norland) was prepared as described previously.
[3c]
  In order to 
prepare a uniform film, 30 μm soda lime glass beads were spread evenly over the substrate 
surface (with a single μ-cell in the center of the substrate) and a pre-treated quartz slab was 
placed on top of the device.  The polyurethane/dye solution was then filled via capillary action to 
form a 30 μm thick film with an embedded μ-cell (Fig. 3.7.a).  Interconnects were then 
evaporated (Ti/Au) through a shadow mask (Fig. 3.7.b) and copper wire was attached to the gold 
contact pads using a silver epoxy (E4110, Epoxy Technology).  The inverted device was then 
integrated with a cylindrical lens, mounted on a 3-axis optical stage and aligned over the LSC 
film for testing (Fig. 3.7.c).  
Two classes of devices were tested, ones planarized with an LSC and others planarized with 
a nascent NOA film for comparison.  Both devices were tested in two extremes of diffuse 
irradiance: a) on a clear day (Fig. 3.7.d); and b) on a cloudy day (Fig. 3.7.e).  Data under cloudy 
conditions were taken over two separate days; the irradiance spectrum for the second day can be 
found in Figure 3.8.  Either an anodized aluminum (AA) plate or a back side reflector (BSR) 
was used for testing in the backplane of the device.  The AA plate will absorb any transmitted 
photons, resulting in lower power densities whereas the BSR reflects these photons back into the 
device to be collected by the μ-cell, increasing the power density.  In the NOA control, the 
reflected photons pass through the film a second time and a small fraction more are absorbed by 
the μ-cell due to short-ranged waveguiding effects.
[6b]
  The LSC film utilizes photons in a 
different way and gains more from the BSR.  Reflected photons are absorbed by the embedded 
dye where they may have been transmitted through the transparent NOA film.  The luminesced 
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photons are then totally internally reflected towards the μ-cell, attributing an additional amount 
to the achievable power density.  The increase in maximum power density for the LSC due to the 
BSR is 46.6% while the NOA film only increases in power density by 16.1%. 
Figure 3.7.d shows the irradiation spectrum on a clear day in which nearly 93% of the 
incident irradiation is direct, while on a cloudy day (Fig. 3.7.e) most of the incident irradiation is 
scattered and the direct irradiation is nearly zero.  As the geometric lens is able to capture direct 
light, most of the concentration and collection is done by the lens on a clear day, when the 
incident irradiation is mostly direct.  When the diffuse light comprises most of the incident 
irradiation, the LSC film collects most of the light as diffuse light cannot be utilized with the 
cylindrical lens.  This is illustrated by the normalized power densities of each device, which are 
presented in Figure 3.7.f (normalization calculations are described in Experimental Methods).  
With a low diffuse component, the LSC film produces an average maximum power density of 
266 mW cm
-2 
whereas the NOA control produces an average of 244 mW cm
-2
.  Here, the LSC 
still outperforms the NOA control because both are adapted with a cylindrical lens and the LSC 
captures an additional amount of incident irradiation, resulting in the 9.22% increase in power 
density mentioned above.  When the diffuse component is high, the LSC has an average 
maximum power density of 41.2 mW cm
-2
 while the NOA film has an average of only 16.9 mW 
cm
-2
, a marked 143% increase in power density with the addition of the LSC.  Here, the LSC 
captures most of the incident irradiation under diffuse conditions and is the major contributor to 
the collected power density.  The addition of the LSC does not encumber the use of the 
cylindrical lens for direct concentration and only enhances the use of this system on both clear 
and cloudy days.  This dual concentration design is therefore a promising way to capture a large 





In this report we describe an optimized set of procedures for the fabrication of ultrathin Si μ-
cells that minimizes material usage and fosters improved capabilities for integration in both 
traditional and unconventional form factor PV modules that exploit light concentration.  The 
optimized μ-cell design includes several new features relative to earlier work to improve both the 
electrical and optical performance of the devices, notably an electrical design that reduces the 
series resistance, RS, through the use of integrated back contacts, improved doping, and a full 
multi-sided/conformal coverage by an SiNx thin-film that serves as both an anti-reflection and 
electrical passivation layer.  These improvements allow the optimized μ-cells to be utilized in 
concentration applications that increase the power output of μ-cells, a feature compensating for 
their ultrathin, small form-factor designs.  To illustrate these features, we integrated the μ-cells 
into an exemplary model of a dual concentrator system that is able to capture and concentrate 
both direct and diffuse light—exploiting passive optics in combination with an LSC to 
incorporate the advantages of both systems.  High concentration ratios can be achieved with the 
passive optics focusing direct light onto the μ-cell while diffuse light is captured with the LSC 
that would otherwise not be utilized in a traditional CPV module.  Through careful consideration 
of carrier collection within the μ-cells and photon collection in both the μ-cells as well as the 
concentration module, higher power densities can be realized.  The performance of the 
exemplary tandem optical design considered here is one that can be significantly improved in a 
variety of ways, most notably through the use of luminophores in the LSC that provide high 
emission quantum yields, enhance broad bandwidth absorption, and minimize radiative and non-





Table 3.1. Thermal Oxidation Ellipsometry Data 
 Oxidation 
Thickness (nm) 








391 3.483 -- -- 
Second 
oxidation 
570 4.511 637 4.612 
Third 
oxidation 












Figure 3.1. (a) Schematic of cylindrical lens concentrating direct light (top) and LSC film 
concentrating diffuse light (bottom). (b) Dual concentrator for direct and diffuse light collection.  (c) 
Schematic of top-contacted μ-cell with associated μ-cell resistances and (d) experimental J-V curves.  
(e) Schematic of L-shaped back-contacted μ-cell array. (f) Simulation of L-shaped back contact μ-cell 













Figure 3.2. Fabrication of back contact μ-cells, shown schematically on the left and corresponding 
SEM images on the right. (a,b) n
+ 
doped μ-cells with deep etch defining thickness. (c) Passivated 
μ-cell cross-section defining crystal planes for anisotropic undercut. (d,e) Corresponding colorized 
cross-sectional SEM images of the top side (orange box) and bottom side (purple box) with the 
oxide layer in red and the nitride layer in blue. (f,g) Array of finished μ-cells with the inset in (g) 
showing the anchor structure (red arrow). Scale bars: (b) 100 μm, (d,e) 100 nm, (g) 1 mm, and 










Figure 3.3. Cross-sectional SEM images of finished devices showing oxide thickness of (a) the top 









Figure 3.4. (a, b) SEM images immediately after the deep RIE etch and (c,d) SEM images after the 









Figure 3.5. (a) Schematic of transfer printing process and testing conditions for back contact μ-cells.  










Figure 3.6. Performance characteristics of the back contact (red) and top contact (black) μ-cells 
under concentration.  (a) J-V curves under varying illumination intensity. (b) FF of the curves in (a) 
at each illumination intensity. (c) Power density for each μ-cell at approximately similar short circuit 
current densities of 630 mA cm
-2












Figure 3.7. (a-c) Schematic of LSC/NOA film fabrication procedure.  (d,e) Irradiation data for a 
clear (d) and cloudy (e) day where diffuse light is shown in red, direct light is in blue, and total 
irradiation is in black.  (f) Power density under varying diffuse conditions with an LSC (red) and 












Figure 3.8. Irradiance for a cloudy day. 
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Windows with “smart” capabilities offer energy efficient alternatives to double pane 
windows typically employed in the built environment.  These electrochromic (EC) windows 
dynamically control the transmitted solar flux by either absorbing or reflecting a portion of the 
incident solar spectrum, controlled by an externally applied bias.  Doing so allows for specific 
control over internal lighting and heating/cooling needs, reducing energy consumption 
substantially.  In fact, nearly 40% of the overall energy demand in the United States is due to 
internal lighting control and heating, ventilation, and air conditioning (HVAC) systems.
[11a, 34-35]
 
EC materials have been known and researched since the early 1960s
[38, 168]
 and their 
integration into windows was largely explored in the 1980s – early 2000s,
[13a, 41b, 41d, 169]
 however, 
widespread commercialization has not been realized due to the need for complicated internal 
wiring and complete reinstallation of existing windows.  Utilizing incident solar irradiation to 
power the EC window circumvents some of this complexity, and photovoltaic-powered EC 
windows are an intuitive solution. Typical power requirements for EC films are quite low, with 
switching voltages on the order of 1.0 V,
[13a, 170]
 facilitating integration with transparent and/or 
low-cost photovoltaic (PV) materials.  Here, we utilize Si solar microcells (μ-cells, Ch. 3) that 
offer high power density and a level of transparency based on the density of μ-cells needed.  
These μ-cells have an area of only 0.003 cm
2
 and yet produce a VOC of 0.55 V with power 
conversion efficiencies of 13%.  In order to power a typical 1 cm
2
 EC device with 1.0 V, two μ-
3
The content of this chapter is unpublished work.  Author contributions to this work are as follows: 
Mikayla A. Yoder,* Maggie Potter,* Aaron Petronico, Sean Lehman, Bruno G. Nicolau, Junwen He, and 
Ralph G. Nuzzo. 
 
*Authors contributed equally to this work. 
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cells in series (VOC ca. 1.1 V) amount to an area of 0.006 cm
2
 and an EC:PV areal ratio of 166.  
Figure 4.1.a illustrates where this work is in comparison to literature; typical power 
requirements necessitate larger area PV and significant efforts have been made to produce 
impressive results with transparent PV materials.
[11-12, 13b, 41d]
  We instead look to high 
performance, single-crystalline materials and optimize optical absorption and electrical 
performance with microscale PV to effect transparency.  This concept is further demonstrated in 
Figure 4.1.b, where our 1 cm
2
 device is shown schematically on the right; expanding the device 
area and replicating 1 cm
2
 devices to power a larger area results in a pattern much like a window 
screen with minimal visual obscurity.  The previous two chapters highlight strategies to do so; 
fabricating high performance Si thin film (NM) devices (Ch. 2) and optimizing their PV 
performance optically and electrically (Ch. 3). 
In addition to the PV component, the EC materials were chosen specifically for ease of 
processing and scalability.  Tungsten (VI) oxide (WO3) and vanadium (V) oxide (V2O5) are the 
electrochromic and ion storage layers, respectively, and are prepared via sol-gel chemistry.  This 
type of preparation allows for construction in ambient environments and can be easily adapted to 
scalable, roll-to-roll processing.  To this end, we also intend to process on flexible substrates.  In 
combination with capabilities for deterministic assembly of the Si μ-cell components onto 
polymeric substrates, we propose a self-powered, flexible device that can be retrofitted to 
existing windows via an adhesive on one side of the device.   
 
4.2. Experimental Methods 
4.2.1. Electrochromic Materials Synthesis and Assembly 
Both metal oxide films are prepared via sol-gel methods.  They are spin-coated on a 
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substrate, either glass or ITO-coated glass followed by thermal annealing, which expels residual 
solvent as well as structurally reorganizes the metal oxide layers.  Following preparation of a gel-
based lithium electrolyte, the device is assembled; a schematic of this configuration can be seen 
in Figure 4.2.  Details of the syntheses and device assembly are described below. 
 
4.2.1.1. Tungsten (VI) Oxide Synthesis 
To prepare WO3 thin films, 0.25 g of WOCl4 is combined with 5 mL isopropanol (IPA) and 
stirred overnight until the solution is homogenous and clear.
[171]
  The WOCl4 powder is massed 
out in a glovebox with O2 concentration < 3 ppm and transferred to a septum-sealed flask; then 
the IPA is added with a syringe and the solution is stirred overnight.  The homogenous, clear 
solution is spin-coated onto the desired substrate at 1200 rpm, allowing ambient room humidity 
to hydrolyze the film.  The film is then annealed in a tube furnace open to air at 150 °C for 1 
hour to drive off the residual solvent.  This process is repeated (spin-coating and annealing) 
twice more, for a total of three layers.  The total layer thickness is approximately 207 nm, as 
determined through optical profilometry. 
 
4.2.1.2. Vanadium (V) Oxide Synthesis 
The V2O5 films are also prepared from the sequential hydrolysis and condensation of 
VO(OC3H7)3, following a modified procedure by Nilgün Özer.
[43g, 46a]
  IPA is added as a solvent, 
acetic acid as a catalyst, and water to hydrolyze the reaction.  We found that using air humidity 
to hydrolyze the isopropoxide is not consistent and added water in a 1:1 mole ratio with the 
precursor.  The solution is spin-coated onto the desired substrate at 1800 rpm and annealed in a 
tube furnace at 300 °C under pure O2 flow (~0.2 slpm) to promote condensation via dehydration 
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as well as drive off residual solvent and water from the hydrolysis protocol.  A total of three 
layers were deposited and heat treated to give a thickness of approximately 166 nm as 
determined through optical profilometry. 
 
4.2.1.3. Preparation of Gel Electrolytes 
The gel electrolyte is first prepared by making a 1 M lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI) solution in propylene carbonate (PC) in the 
glovebox.  After the salt is dissolved, 35 wt.% poly(methyl methacrylate) (PMMA, MW 120,000, 
Sigma Aldrich) is added while the solution is vigorously stirred.  To completely homogenize the 
gel, the solution is manually stirred and left on low heat.  The solution is kept in a dry box to 
prevent the LiTFSI from absorbing water. 
 
4.2.1.4. Assembly of the Electrochromic Film 
The prepared gel electrolyte is first spread over a V2O5 film on ITO/glass and degassed for 
>12 hours.  Concurrently, WO3 films are pre-lithiated in the glovebox using 0.1 M LiTFSI in PC 
and a lithium metal counter and reference electrode.  The WO3 film is reduced at 2.1 V vs. Li/Li
+
 
to switch the film to its colored state.  The film is then rinsed with PC, dried, and taken out of the 
glovebox.  To obtain reproducible thicknesses of the gel electrolyte, soda lime glass beads with 
diameters of 100 μm (SPI, Product 2720-AB) were used as spacers.  These were placed in the 
corners of the degassed gel electrolyte on V2O5 and the reduced WO3 film was placed on top.  
This assembly was then brought into the glovebox and encapsulated with NOA61 on each edge 




4.2.2. Materials Characterization 
4.2.2.1. X-ray Characterization of Metal Oxide Films 
X-ray photoelectron spectra were collected using a Kratos AXIS Ultra spectrometer equipped 
with a monochromatic Al Kα (1486.6 eV) X-ray source. High resolution spectra were collected 
with a pass energy of 40 eV and at a resolution/step size of 0.1 eV. Data was processed and 
analyzed in Origin 9.1. Spectral peaks were referenced to the adventitious C 1s peak at 284.8 eV. 
A Shirley or Tougaard background was used to baseline correct the spectra. Curve-fitting was 
carried out using a Gaussian lineshape function for analysis of the integrated peak areas.  
A PANalytical X’Pert instrument equipped with a Cu Kα (1.54 Å) source and Ni filter was 
used to collect X-ray diffraction patterns of the deposited metal oxide thin films. The generator 
voltage and tube current were set to 40 kV and 40 mA, respectively. High resolution 
measurements were obtained by collecting data from 10-100° 2θ using a 0.05° step size. Samples 
were immobilized by taping them directly onto the sample stage with Scotch tape for positioning 
and measurement. Data was collected using a point-parallel plate geometry. 
 
4.2.2.2. Rheology of PMMA-PC-LiTFSI 
Rheological measurements were carried out on a DHR-3 rheometer (TA Instruments) using a 
parallel-plate geometry with a diameter of 20 mm with Peltier temperature control. The gap 
between plates was continuously varied to maintain a force of 0 ± 0.1 N normal to the direction 
of flow. The rotational shear rates varied linearly and the temperature was controlled to be 
constant at 25°C for the duration of the experiments. 600 grit silicon carbide paper with an 




4.2.2.3. UV-Visible Spectroscopy 
Transmittance measurements were taken on an Agilent Cary Series UV-Vis-NIR 
Spectrophotometer from 300 – 2000 nm, with a data interval of 1.0 nm and a scan rate of 600 
nm/min.  A baseline was taken to determine 100 %T with the corresponding substrate.  For the 
EC device on ITO/glass, two pieces of ITO/glass were sandwiched together with an air gap 
determined by a 100 μm PDMS spacer with a hole punched in the middle.  
 
4.2.2.4. Cyclic Voltammetry  
A CH Instruments electrochemical workstation was used to perform cyclic voltammetry with 
a three electrode setup.  Each metal oxide was cycled from 2.1 – 4.0 V vs. Li/Li
+
 using lithium 
metal as a reference and counter electrode.  WO3 films were cycled at 50 mV s
-1
 in 0.1 M LiClO4 
in PC and V2O5 films were cycled at 1 mV s
-1
 in 1 M LiClO4 in PC.  Voltammetry with the gel 
electrolyte was also performed with each metal oxide film using the same system above with a 




4.2.2.5. Electrical Impedance Spectroscopy 
The gel electrolyte was prepared and spread into a hollow, cylindrical PDMS mold on top of 
a steel electrode.  A second electrode was placed on top and the assembly was put into a 
Swagelok cell for measurements.  Potentiostatic electrochemical impedance spectroscopy was 
conducted using a Biologic (Seyssinet- Pariset) SP150 potentiostat/galvanostat.  Scans were run 
with a frequency range of 1.0 MHz to 100 mHz at 0 V vs. working electrode and with a 




4.2.3. Silicon Solar Microcell Fabrication and Testing 
The details of the fabrication of silicon solar microcells can be found in the Experimental 
Methods section of Chapter 3 (section 3.2.1).  Deterministic assembly is utilized to transfer print 
the μ-cells onto desired substrates, also described in Chapter 3.  The μ-cells are planarized with 
NOA61 and interconnected via evaporated Cr/Au with a shadow mask connecting one, two, or 
three μ-cells in series.  I-V data was collected with a full-spectrum solar simulator (Model 91192, 
Oriel) with a source meter (Model 2400, Keithley).  Further details on the fabrication, transfer 
printing, and testing can be found in the Experimental Methods section of Chapter 3. 
 
4.2.4. Electrochromic Device Characterization 
Cycling of the assembled EC device was performed on the same UV-Vis-NIR 
spectrophotometer as the transmission measurements were, above.  A source meter (Model 2400, 
Keithley) was used to switch the device between a positive and negative bias.  The EC device 
was connected with copper tape on either electrode, connected to leads from the source meter.  
The spectrophotometer continuously monitored transmission at 600, 1200, and 1600 nm during 
cycling with a spectral band width (SBW) of 1 nm and average time of 0.1 sec. A blank was used 
prepared from two ITO/glass substrates that had a PDMS membrane (100 μm thick) spacer with 
a hole punched in the membrane between the two substrates to create an air gap.  This was used 
as a blank for each of the measured wavelengths.   
 
4.2.5. Photoelectrochromic Device Characterization 
The modulation of transmission of the EC device powered by the Si μ-cells was monitored 
with the same setup above. The Si μ-cells were irradiated with a full-spectrum simulator (Model 
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94021, Oriel) calibrated to 1 sun intensity. Intensity was modulated with neutral density (ND) 
filters (unmounted Ø25 UV fused silica reflective ND [OD = 0.1, 0.3, and 0.6] filters, Thorlabs) 
to simulate 0.79, 0.5, and 0.25 sun irradiation. 
 
4.3. Results and Discussion 
4.3.1. Electrochromic Layer Fabrication and Gel Electrolyte Characterization 
The electrochromic device is comprised of an electrochromic layer, an ion storage layer, and 
a gel electrolyte between the two.  This composition can be seen in Figure 4.2.a, where WO3 is 
the electrochromic material and V2O5 is the complementary material, or ion storage layer.  An 
external bias either causes lithiation of the electrochromic or ion storage layer, resulting in either 
coloration or bleaching (Fig. 4.2.b), respectively.  The oxidation and reduction reactions of both 
layers are as follows: 


















where the left side of the reaction corresponds to the bleached state and the right side to the 
colored state. 
Movement of lithium ions is facilitated through a gel electrolyte.  In this case, we used a 1 M 
solution of LiTFSI in PC and mixed it in a high molecular weight PMMA network, as described 
in detail in the experimental methods section.
[172]
  Gel electrolytes combine advantages of liquid 
and solid electrolytes by providing higher conductivities while maintaining mechanical stability, 
as we found that solid electrolytes demonstrated ionic conductivities too low to allow facile 
lithiation and delithiation of the metal oxide films.  
Each metal oxide film was prepared via sol-gel methods on ITO-coated glass substrates, 
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ultimately forming the oxide network via hydrolysis/condensation of the respective metal 
alkoxide.  This type of preparation allows for ease of processing and scalability as compared to 
typical thermal evaporation of the respective powders.  Here, WO3 was prepared from WOCl4 
powder, which was reacted with isopropyl alcohol (IPA) to form the alkoxide.  The alkoxide was 
then spin-coated and hydrolyzed under ambient conditions; thermal annealing at 150 °C drove 
off residual solvent.  A spin-coated WO3 film on ITO/glass can be seen in Figure 4.3.a.  
Similarly, V2O5 was prepared from VO(OC3H7)3, which also hydrolyzed in ambient with the 
addition of acetic acid as a catalyst.  The film was then spin-coated and annealed at 300 °C under 
O2 flow; a prepared V2O5 film can be seen in Figure 4.3.b.  Additional layers built up 
thicknesses of each film to the final thicknesses of ca. 170 – 200 nm.  The XRD patterns in 
Figure 4.3.c suggest that the WO3 film is amorphous, with observed peaks attributed to the 
underlying indium tin oxide (ITO), while the V2O5 is semi-crystalline.  The pattern for V2O5 
shows several peaks for crystalline V2O5, including peaks that can be indexed to the (200), (001), 
and (002) crystal planes (Fig. 4.3.c, shown in blue).  This difference in crystallinity between the 
two oxide films could influence lithium ionic conductivity and the ability to balance charge 
during device operation, however, we do not observe much of a perturbation in our device, as 
described below.  Further, SEM images in Figure 4.3.e and Figure 4.3.h of the WO3 and V2O5 
films, respectively, confirm that each oxide film is continuous and homogeneous from an 
examination of the external surface. 
Characterization of the metal oxide films with XPS validates the oxidation states of each 
metal.  As seen in Figure 4.3.d, the WO3 film displays the doublet for the W4f core levels at 
binding energies of 38.0 and 35.9 eV for the W 4f5/2 and W 4f7/2 peaks, respectively. The W 5p3/2 
peak is also observed at 41.6 eV, all agreeing well with reported values.
[173]
  The spectrum for 
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the V2O5 sample also matched well with literature,
[174]
 with characteristic peaks for O 1s at 530.5 
eV, V 2p1/2 at 525.0 eV, and V 2p3/2 at 517.6 eV.
[175]
  The fits of both spectra can be found in 
Figure 4.4.  
Cyclic voltammetry was performed for each oxide film in both liquid and gel electrolyte.  All 
half-cell voltammograms are cycled with Li metal as a reference and counter electrode.  Figure 
4.3.f shows the voltammogram for a WO3 film cycled with a 35 wt.% PMMA gel electrolyte 
(described below) at 1 mV s
-1
.  Observed peaks for oxidation and reduction correspond well with 
observed color changes from transparent to deep blue, also seen in the voltammogram cycled in 
liquid electrolyte (0.1 M LiClO4 in PC, 50 mV s
-1
) in Figure 4.5.a.  The voltammogram in 
Figure 4.3.i displays a V2O5 film cycled with the 35 wt.% PMMA gel electrolyte at 1 mV s
-1
 and 
shows multiple peaks during lithiation and delithiation, corresponding to structural phase 
changes within the film.
[44a]
  When cycled in liquid electrolyte (1.0 M LiClO4 in PC, 1 mV s
-1
, 
Fig. 4.5.b), these peaks are sharper and are shifted slightly due to the faster mass transport 
properties in liquid electrolyte. 
Two weight percent solutions of the gel electrolyte were prepared, 30 wt.% and 35 wt.% 
PMMA (MW 120,000) mixed with 1 M LiTFSI in PC.  We found that adding 40 wt.% PMMA 
made the solution near solid-like and the mixture did not homogenize.  Electrical impedance was 
done on each weight percent mixture (Figs. 4.6.a and 4.6.b) in a symmetric cell with two steel 
electrodes.  The 30 wt.% PMMA mixture has a measured conductivity two times higher than that 




.  Additionally, rheology 
measurements were done on each weight percent mixture, revealing that the 35 wt.% mixture has 
a modulus five times that of the lower weight percentage mixture (3177 Pa·s and 616 Pa·s for 
35wt.% and 30 wt.%, respectively).  Considering the ionic conductivity of the 35 wt.% PMMA 
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gel electrolyte is high enough for our application and the modulus is significantly higher, we 
continued work with the 35 wt.% PMMA gel electrolyte.  Further, Figure 4.6.c shows the high 
transmission of the gel electrolyte throughout the working wavelength regime of our device apart 
from a few small peaks due to absorbance from carbonyl functional groups in the PMMA and 
LiTFSI.  The stability window of the gel electrolyte is seen in Figure 4.6.d, showing that the 
electrolyte is stable within our voltage range, producing current on the order of uA cm
-2
 from 2 – 
4.5 V vs. Li/Li
+
.   
 
4.3.2. Electrochromic Device Fabrication and Characterization 
Assembly of the electrochromic device is explained in detail in the experimental methods 
section (section 4.2.1.4).  Briefly, a WO3 film is first reduced and sandwiched with a V2O5 film 
that has the 35 wt.% PMMA gel electrolyte cast atop it with 100 μm glass bead spacers.  The 
entire device is encapsulated with NOA61 in an inert environment to prevent oxygen permeating 
into the device and oxidizing the pre-reduced WO3 film. 
Figures 4.7.a and 4.7.b show images of an assembled device on ITO/glass in the bleached 
(Fig. 4.7.a) and colored (Fig. 4.7.b) states.  The transmission modulation is apparent in these 
images and is quantified in the spectra seen in Figure 4.7.c.  Here, the device is biased with a 
source meter at voltages corresponding to one, two, and three Si μ-cells in series, or 0.5 V, 1.0 V, 
and 1.5 V, respectively.  As seen in the spectra, a bias of 0.5 V does not produce a large change 
in transmittance, with a ΔTmax of only 10 – 25%.  The modulation is significantly increased when 
using either a 1.0 V or 1.5 V bias.  Due to the rather small enhancement of ΔTmax when 
comparing the 1.0 V and 1.5 V bias and the additional complexity when connecting three instead 
of two Si μ-cells in series, we pursue an EC film that is powered by two Si μ-cells in series. 
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The kinetics of the device can be analyzed by monitoring transmittance at specific 
wavelengths while cycling between a positive and negative bias.  The results for a bias of 1.0 V 
can be seen in Figure 4.7.d and Table 4.1 summarizes the data for each corresponding bias (i.e., 
0.5 V, 1.0 V, and 1.5 V), where transmission is monitored at three wavelengths across the 
spectrum: 600 nm, 1000 nm, and 1600 nm.  It is evident in Figure 4.7.d that performance into 
the infrared wavelengths deteriorates (i.e., 1600 nm), largely due to the low transmission of the 
ITO (Fig. 4.8.a).  Here, we present data at 1600 nm without subtracting the ITO transmission to 
illustrate this point.  Electrochromic devices are typically prepared with ITO as a transparent 
electrode,
[11, 37a, 41b-d, 42a, 176]
 however, it is clearly not an ideal choice when attempting to 





 and thin metal films or nanostructures,
[179]
 
but tend to lack in conductivity and/or transparency.  Implementation of a non-IR absorbing 
conductor is necessary for true modulation at longer wavelengths and should be a subject of 
future research efforts.  Full cycles for each bias and wavelength can be seen in Figure 4.8.b-d. 
As seen in Table 4.1, ΔTmax is directly correlated with the applied voltage.  At 600 nm, ΔTmax 
increases from 14.5% to 46.2% with a 0.5 V and 1.5 V bias, respectively.  The change in optical 
density, ΔOD, follows with ΔTmax and is used to calculate the coloration efficiency, η: 








where Q is the charge injected in C cm
-2
.  Of note is that η does not follow the same trend as that 
of ΔTmax and ΔOD; with an applied bias of 1.5 V, η decreases significantly.  This is likely 
because the ΔTmax of the WO3 electrochromic layer is reached before 1.5 V and the excess charge 
that is injected is essentially wasted.  The ΔTmax of the WO3 film could be increased with a 
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thicker film to mitigate this. 
Figure 4.7.e shows one cycle of the EC device between +1.0 V and -1.0 V plotted with the 
current density for a 60 second bias hold.  The current density follows a capacitor-like behavior 
in which the device initially charges, corresponding to the large increase in magnitude of the 
current density.  This is directly related to the switching time of the device, whereas the voltage 
is directly related to the attainable modulation in transmittance.  The switching times, defined as 
0.9*ΔTmax, can be found in Table 4.1 for each bias.  For 600 nm, the coloration time is as quick 
as 13.3 seconds for a 1.5 V bias, switching from 86.7– 40.5 %T.  The switching times increase as 
lower voltages are applied, increasing to 26.8 and 34.0 seconds for 1.0 V and 0.5 V biases, 
respectively.  This agrees well with Ohm’s law, V = IR, where a larger voltage corresponds to a 
larger current and therefore shorter switching times.   
The difference between the bleaching and coloration times is negligible apart from the 
data taken at 1000 nm, where the bleaching time is longer. We explain this discrepancy by the 
difference in crystallinity between the two metal oxide films. It has been suggested that 
amorphous films can lead to faster switching times and facilitate charge injection/extraction.
[169a, 
180]
 With this in mind, we hypothesize that our semi-crystalline V2O5 film kinetically limits our 
device to some degree, specifically at 1000 nm. Figure 4.9 shows the transmission modulation 
of each metal oxide film by itself. The WO3 layer demonstrates a large transmission modulation 
for each wavelength (600, 1000, 1600 nm) whereas the V2O5 layer only substantially modulates 
transmission at 1000 nm. Therefore, transmission modulation of the entire EC device is largely 
dependent on the WO3 as the electrochromic material at 600 and 1600 nm, however, both layers 
have similar modulation at 1000 nm and the bleaching process here is limited by slow charge 
injection into V2O5. 
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Additionally, we observe asymmetric current density with time (Figure 4.7.e) for each 
experiment; Figure 4.10 shows a detailed analysis of the integrated current and charge obtained 
over cycling. Here, coloration is observed to take longer than that for bleaching. This asymmetric 
current has previously been observed with WO3, where the injection of lithium ions is simply 
suggested to take longer than extraction, but the magnitude of injected charge is symmetric.
[41d, 
169a]
 It is also possible that coloration is limited by charge extraction from V2O5, resulting from 




Both bleached and colored states are sustained after the applied bias is removed, as seen in 
Figure 4.7.f, where the bias is held for the first 60 seconds and then removed while the 
transmission is monitored continuously at 600 nm. A negligible change in transmission observed, 
on the order of 1 – 2%. Further, in this design continued illumination on the window corresponds 
to a continued applied bias and therefore the transmission stays constant over longer periods of 
time depending on the intensity of incident illumination.  Plots for transmission monitored at 
1000 nm and 1600 nm can be found in Figure 4.11. 
 
4.3.3. Si Solar μ-cell Integration and Performance of a Photoelectrochromic Device 
4.3.3.1. Si μ-cell Performance 
Performance metrics of the Si μ-cells are discussed in detail in Ref. 
[3a]
; here, we focus on the 
open circuit voltage and current density that drive EC device operation. The Si μ-cells are 
fabricated upside down to lithographically pattern the contacts; Figure 4.12.a shows an image of 
a μ-cell array on the source wafer. After transfer printing, the μ-cell contacts are still facing 
upwards and JV curves are shown for this case as well as for fully interconnected and inverted μ-
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cells (i.e., contacts facing downwards). Noticeably, the JSC and VOC increase due to the reduced 
shading from the contacts when they are facing downward. Additionally, we show the JV curves 
of one and two Si μ-cells in series in Figure 4.12.b and performance of two Si μ-cells in series 
under varying illumination conditions in Figure 4.12.c. Connecting two Si μ-cells in series 
increases the VOC from 0.566 to 1.12 V. Decreased irradiation corresponds to a time of day when 
the sun is not directly irradiating the face of a window and hence, the Si μ-cells produce smaller 
currents shown in the curve. 
Figure 4.12.d shows modeling results of the anticipated EC device performance depending 
on the number of Si μ-cells in series. The incident intensity on the external surface of the 
window, Iext, is plotted versus the transmitted intensity through the EC window in the absorptive 
state, Iint. The internal intensity was calculated for an Iext of 1000, 750, 500, and 250 W m
-2
 
corresponding to 1, 0.75, 0.5, and 0.25 suns, respectively. Comparing one and three μ-cells in 
series, Iint decreases from 193 to 100 W m
-2
 with an Iext of 1000 W m
-2
. In general, the Iint 
decreases by an order of magnitude after passing through the window.  
 
4.3.3.2. Integration of Si μ-cells with the Electrochromic Film 
Figure 4.13.a depicts the photoelectrochromic (PEC) prototype. Here, we transfer print two 
Si μ-cells in series on a flexible, polyethylene terephthalate (PET) substrate with an area of 5 cm 
x 4 cm. The EC device is prepared as described above, with an area of 1.2 cm x 1.2 cm. The μ-
cells are planarized in NOA61 prior to interconnection, and this gives rise to an increase in JSC 
due to short-range waveguiding effects.
[6b]
 Effects of illuminated waveguide area on JSC are 
shown in Figure 4.14.a, which is correlated directly with a decreased EC device switching time 
at constant EC device area (Fig. 4.14.b). This implies that a larger waveguide area, and thus a 
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lower density of Si μ-cells, is preferable for powering the EC device. In reality, the waveguide 
will scale with EC area and the benefit is outweighed by the additional charge needed for the 
larger EC area (Fig. 4.14.c). Waveguides that typically benefit from enlarged areas, such as 
LSCs, are also burdened by the additional charge with increased EC area. While decreasing 
overall switching time due to concentration effects, Figure 4.14.d shows a similar trend to that 
of Figure 4.14.c. 
Figure 4.13.b shows the change in transmission of our PEC device powered by two Si μ-
cells in series. Powered by these two cells, the transmission is modulated from roughly 40 – 
75%, with a consistent ΔTmax of about 40 – 50%. As seen in Figure 4.13.c, coloration and 
bleaching times can also be calculated for the PEC device by cycling between bleached and 
absorptive states. Here, the bias was held for 6 minutes and transmission at 600 nm was 
monitored before switching the leads. A coloration time of 160.9 seconds and a bleaching time 
of 179.4 seconds are observed for our PEC device. This corresponds to a ΔTmax of 46.1% 
switching from 89.6% – 43.4%. The device also displays memory, as seen in Figure 4.15.a-b. 
The Si μ-cell leads were attached to the EC device for 6 minutes and then disconnected to 
continually measure transmission thereafter. There is a slight increase/decrease in transmission 
of ca. 2% for the colored/bleached states after the Si μ-cells are removed. 
Figure 4.13.c summarizes the coloration and bleaching times for 1.00, 0.79, 0.50, and 0.25 
suns, corresponding to times of day when there is less than 1 sun irradiation on the window of a 
building. As expected, with decreased irradiation (i.e., decreased current) the switching times 
increase. The theoretical values plotted (shown in black) are calculated based on the amount of 
injected charge and expected JSC values, assuming the μ-cell JSC is constantly provided to the EC 
device. Coloration times agree well with theory, and bleaching times differ at low intensity likely 
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due to asymmetric charge injection and extraction processes, as discussed above. Regardless of 
intensity, the magnitude of transmission modulation is dictated by applied bias, or μ-cell VOC. 
Figure 4.15.c confirms this notion and shows transmission spectra of the PEC device at each 
intensity, wherein each spectrum displays similar modulation in transmission over the 
wavelength range. Figures 4.15.d-e show expected transmission for bleaching and coloration at 
3 minutes after the bias was applied, further illustrating the effect of illumination intensity on 
switching times. 
There are multiple ways to decrease switching times of our PEC device, the most impactful 
of which is adding Si μ-cells in parallel to increase the JSC (i.e., increasing μ-cell density). The 
additional μ-cells could reduce the high transparency of the device, however, Figure 4.13.d 
shows the transmission of two and four Si μ-cells corresponding to one and two Si μ-cells in 
parallel with our current design (i.e., two Si μ-cells in series). The additional μ-cells only reduce 
transmission by ca. 2% while doubling the JSC, reducing the switching time from 152 to 76 
seconds. Thus, the benefit of increased μ-cell density on EC device switching time outweighs the 
resulting decrease in transmission of the overall PEC device. 
In addition to increasing μ-cell density, switching times can also be reduced through 
concentration, as demonstrated in Figure 4.13.e. Here, the EC areal repeat unit corresponds to a 
larger active EC area powered by two Si μ-cells in series (i.e., reduced μ-cell density). Reduced 
μ-cell density is beneficial from a cost perspective; as the magnitude of the EC areal repeat unit 
is increased (i.e., μ-cell density is decreased), the switching time of the EC device increases for a 
given concentration, but less active PV material is consumed. At high EC areal repeat unit sizes 
(low μ-cell densities), however, the decrease in switching time can be compensated for by 





 under 1 sun (shown in blue) has a switching time on the order of hours, but the fast 
switching time (i.e., on the order of minutes) can be recovered through concentration at 100 suns 
(shown in black). Concentration also increases the VOC logarithmically and can therefore also 
increase the maximum modulation in transmission. This was accounted for in the switching time 
calculations and details can be found in Figure 4.16. 
Combining these two strategies (i.e., μ-cell density and concentration) to manipulate 
switching times, Figure 4.13.f provides a guide to fabricating a PEC device for windows on the 
meter scale with a desired switching time. One axis corresponds to increased cell density, or 
increased μ-cells in parallel. The other axis employs concentration to decrease switching times. 
Any combination of these two can be used to balance overall transmission, cost, and switching 
times of PEC windows. As seen in the figure, it is realistic to achieve switching times less than 1 
minute for a reasonable amount of Si μ-cells and modest concentration. To optimize μ-cell 
density for large scale application comprehensively, the influence of μ-cell density on switching 
time, overall transparency, and module production cost would need to be considered. 
 
4.4 Conclusion and Future Work 
 In this Chapter, a unique prototype device has been constructed that takes advantage of the 
unique attributes of the Si μ-cells of Chapter 3.  The ability to integrate relatively transparent, 
single-crystalline materials with an electrochromic film promises a self-powered smart window 
with longer lifetimes than that of self-powered windows based on polymeric or organic PV.  We 
further show materials processed via sol-gel methods that are easily processed and scaled, with a 
gel electrolyte that displays high ionic conductivity with desirable mechanical properties.  The 
combination of these electrochromic materials shows impressive performance with ΔTmax as high 
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as 46% and fast switching times as low as 8 seconds for modulation at 600 nm.  These attributes 
are paramount when interconnecting with Si μ-cells to power the EC device.  With high 
transmission and the ability to place the μ-cells nearly anywhere in the window area, switching 
times of less than 3 minutes are achieved with ΔTmax of 46.1% for two Si μ-cells connected in 
series (1.12 V).  Switching times can be addressed either via Si μ-cell density corresponding to 
additional μ-cells in parallel, or via concentration. These strategies are useful in projecting our 
PEC prototype into a functional smart window on the building-scale with similar modulation in 
transmission and fast switching times.  Future work involves integrating these materials onto 
flexible substrates for a transient film that is able to roll-up and easily be transported, affixed 




















λ = 600 nm 
0.5 V 34.0 36.9 14.5 0.096 43.2 
1.0 V 26.8 23.7 37.8 0.248 41.7 
1.5 V 13.3 8.1 46.2 0.330 29.0 
λ = 1000 nm 
0.5 V 25.3 38.4 14.1 0.134 49.4 
1.0 V 16.2 25.4 36.7 0.317 50.6 
1.5 V 5.8 15.3 38.6 0.343 30.6 
λ = 1600 nm 
0.5 V 20.8 21.8 2.0 0.085 41.9 
1.0 V 18.5 14.5 6.5 0.281 46.0 
















Figure 4.1.  (a) Current PEC devices (blue) with dark blue corresponding to where most PEC 
devices lie.  Our work is shown for comparison (orange star). (b) Schematic of interconnected Si 
solar μ-cells in comparison to a 1 m
2










Figure 4.2. (a) Flexible PEC device schematic. (b) EC device operation highlighting the bleached 









Figure 4.3. EC materials characterization. Images of the as-deposited (a) WO3 and (b) V2O5 films. 
(c) XRD of WO3 on ITO (red), V2O5 on ITO (blue), and ITO (black). (d-i) Characterization of 
WO3 (d-f) and V2O5 (g-i) films including (d, g) XPS, (e, h) SEM, and (f, i) cyclic voltammetry 






















Figure 4.5.  Cyclic voltammetry performed with liquid electrolyte (LiClO4 /PC) and with a lithium 







Figure 4.6. Characterization of the gel electrolyte. (a, b) Impedance spectroscopy of a (a) 30 wt.% 
and (b) 35 wt.% PMMA gel electrolyte. (c) Transmission of the 35 wt.% PMMA gel electrolyte. 




Figure 4.7. EC performance. Images of the bleached (a) and colored (b) EC device. (c) 
Transmission of the EC device with varying bias. (d) EC device cycling between +/- 1.0 V 
monitored at 600 nm (black, solid), 1000 nm (black, dashed), and 1600 nm (red, solid). (e) One 
cycle of the EC device showing transmission at 600 nm (black) and corresponding current (red). (f) 
Bias holds of the EC device monitored at 600 nm for bleached (solid) and colored (dashed) states.  








Figure 4.8. (a) Transmission of the ITO on glass substrates used. (b-d) EC device cycling at each 






Figure 4.9. Transmission of (a) WO3 and (b) V2O5 films in their bleached (red) and absorptive 








Figure 4.10. (a) Magnitude of injected charge for coloration and bleaching over 10 cycles for 0.5, 
1.0, and 1.5 V (blue, red, and black, respectively). (b-c) Integration of current for bleaching (b) and 









Figure 4.11. Bias holds for bleached (solid lines) and colored (dashed lines) of the EC device 









Figure 4.12. (a) J-V curves for Si μ-cells with their contacts facing upwards (red) and downwards 
(blue) with an optical image of an array in the inset. (b) J-V curves for one and two Si μ-cells in 
series. (c) J-V curves for two Si μ-cells in series under varying irradiation. (d) Modeling results for 
expected transmission through the colored window with one μ-cell (blue), two μ-cells (red) or three 




Figure 4.13. (a) Schematic of the PEC device. (b) Transmission of the PEC device powered by one 
(blue) and two (black) Si μ-cells in series in the bleached (solid line) and absorptive (dashed line) 
states. (c) Calculated switching times for coloration (red), bleaching (blue) and theoretical values 
(black) for varying irradiation. (d) Transmission for two (blue) and four (red) Si μ-cells compared 
to the substrate (black).  Images of the Si μ-cells are shown in the inset. (e-f) Calculated switching 
times for varying Si μ-cell density and concentration (e) for our 1 cm
2
 device and (f) for larger 









Figure 4.14. (a) Dependence of JSC on waveguide area. (b) Calculated switching times for 
increased geometric gain. (c-d) Calculated switching times for a device with equal waveguide and 








Figure 4.15. (a-b) Bias holds for the PEC device monitored at 600 nm in the (a) absorptive and (b) 
bleached states for 1 sun (black), 0.75 suns (red), 0.5 suns (blue), and 0.25 suns (pink). Dashed lines 
correspond to when the Si μ-cell was disconnected from the EC device. (c) Full spectrum modulation 
for each intensity. (d-e) Transmission at 600 nm after biasing the EC device for 3 minutes with two Si 






Figure 4.16. Linear correlation between voltage and injected charge used to calculate switching 
times under concentration. 
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CHAPTER 5: LUMINESCENT CAVITY DESIGN FOR HIGH AMBIENT CONTRAST 





Advancements in display technology have immensely influenced the data processing rate of 
humans and increasing demand for faster, higher resolution displays motivates the continued 
evolution of display technologies with reduced thicknesses, increased efficiencies, and overall 
improved designs. Electronic displays come in two fundamentally different display architectures: 
emissive displays, which emit light directly and non-emissive displays, which modulate light 
from a source. Liquid crystal displays (LCDs), a non-emissive display, remain the dominant flat 
panel display technology along with organic light emitting diode (OLED) displays, an emissive 
technology.
[19a, 49, 181]
 LCDs exhibit competitive advantages such as their cost and reliability, 
stemming from years of continued efforts to improve them, however, significant obstacles 
remain such as their low efficiency and poor contrast ratios.  
One key problem of LCDs is their low module efficiency; only 6-7% of the backlight is 
emitted through the display.
[15]
 One of the most significant loss mechanisms in their design is the 
substantial absorption from the color filters used. The color filters generate desired red, green or 
blue (RGB) pixels by absorbing a portion of the spectrum emitted from a white LED backlight. 
By absorbing approximately two-thirds of the emission, maximum achievable efficiencies are 
already limited to only 33.3%, or one-third of the emitted light from the white LED.
[14c]
 Recent 
work focuses on avoiding color filter absorption by utilizing diffraction, interference or surface 
4
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Ralph G. Nuzzo, Paul V. Braun. 
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plasmon effects to manipulate the spectrum of a broadband backlight source.
[14b, 14d-g, 50a]
 Similar 
optics have also found applications in solar cells
[182]
 and image sensors
[14a]
 to manipulate and 
control spectra. These optical solutions, however, require high quality thin-film deposition of 
multiple materials and/or features on the order of the wavelength of light (< 800 nm ) and 
typically possess angular sensitivity.
[50b]
 In addition to their low efficiency, LCDs and various 
other displays have low ambient contrast ratios, which have a significant impact on image 
quality.
[21a, 21b, 183]
 Reflection of ambient light from the optical components of an LCD leads to a 
dimming effect due to the emitted light from the display competing with reflected light from the 
ambient. Hence, it is vital to suppress reflection on the display surface. LCDs employ a circular 
polarizer to reduce reflection at the face of the display.
[21c, 184]
 Here, external irradiation becomes 
circularly polarized incident on the display and upon reflection from an internal surface, its 
polarization state reverses so that the beam is now completely blocked by the circular polarizer 
on the way back. While effective, emission from the display components also passes through the 
circular polarizer, which absorbs almost half of the emitted light immediately preceding the 
viewer. Therefore, display architectures with low incident reflectance and high transmittance of 
auxiliary optical components is highly desirable for further improvement of display technology. 
Here, we show a new design for a display that uses a quantum dot (QD)-based luminescent 
waveguide inside of a reflective cavity to provide high photon extraction efficiency and low 
incident reflectance from the top surface of the display. Photoluminescence from the QDs is 
mostly trapped in a waveguide via total internal reflection (TIR); escaped photons are reflected 
inside the cavity until extracted from a small aperture at the top of the device. Due to their 
narrow bandwidth emission,
[51, 54, 185]
 QDs can be used in such a design to eliminate absorptive 
color filters while still taking from mature and cost-effective LCD technology. Additionally, this 
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design implements a patterned black absorbing layer on top of the pixel array to prevent 
reflection of ambient light to the viewer and thus improve the ambient contrast ratio, a much-
needed feature for electronic devices used in outdoor environments. 
Photovoltaics have utilized waveguides for the purpose of concentration for over 40 years 
and work on these luminescent solar concentrators (LSCs) continues to develop and increase 
optical efficiencies.
[3c, 32, 33b, 33c, 161, 186]
 First introduced in 1973 by Lerner,
[32, 187]
 an LSC utilizes 
a luminophore embedded in a polymer or glass waveguide to absorb incident solar irradiance 
from all angles (i.e., direct and diffuse sunlight). The photon transport relies on the TIR modes of 
the waveguide, directing the emitted light to the edges of the matrix. Concentration is effected by 
the Stokes shift of the dye, where the decrease in entropy of the light (i.e., concentrated light) 
comes at the expense of a loss in energy from the down-converted photon.  Concentration ratios 
greater than 30 have been demonstrated in the literature that minimize parasitic losses of LSCs 
including dye reabsorption and waveguide efficiency.
[33c]
 Here, we utilize improvements made 
upon LSCs and transform the design into an emissive display technology. Instead of 
concentrating photons towards a solar cell, photons are directed towards a small aperture placed 
at the top of an optical microcavity, in which the outer surface is completely absorptive.  
This luminescent cavity design builds upon conventional LCD designs, taking elements from 
existing, high-performing designs and eliminating poor-performing aspects, such as the 
absorbing color filters. This design strategy has the potential to increase module efficiencies, 
leading to a reduction in power demands and additionally improves upon ambient contrast ratios, 
making it a particularly promising design to keep LCD technology competitive and withhold its 




5.2. Experimental Methods 
5.2.1. Preparation of QD-PLMA Films 
A solution of the monomer, lauryl methacrylate (LMA), is prepared with the cross-linker, 
ethylene glycol dimethacrylate (EGDMA), in a 10:1 volume ratio LMA:EGDMA. 
Trioctylphosphine, the ligand on the CdSe/CdS QDs, is also added at 4 vol.% to aid in stabilizing 
the QDs within the matrix and avoid aggregation.  QDs in hexanes (5 mg/mL) are then added to 
the monomer solution in a glovebox at 15 vol.%.  The hexanes are allowed to evaporate for > 1 
hour.  Concurrently, two quartz plates are prepared by treating them with Repel Silane ES (GE 
Healthcare).  Silica beads (SPI, 500 μm) are then used as spacers and placed at the corners of the 
quartz plates.  This assembly is then brought into the glovebox where the initiator, 2-hydroxy-2-
methylpropiophenone, is then added at 0.05 vol.%.  The monomer solution is then filled via 
capillary action between the two quartz plates and the QD-LMA solution is UV-cured (365 nm, 4 
W) for 40 minutes.  
 
5.2.2. Fabrication of Si Micropixel Array 
The microscale pixel array was fabricated from a thin silicon wafer (200 µm) oriented in the 
(100) direction. First, a thin layer of Si3N4 was deposited on the Si wafer as a mask layer for a 
subsequent KOH wet etch. The holes (pixels) were patterned via standard photolithography and 
the Si3N4 layer is then selectively etched to expose the Si using inductively coupled plasma 
reactive ion etching (ICP-RIE). An anisotropic etchant, potassium hydroxide (KOH), was used to 
etch Si, resulting angled sidewalls. After the completion of etching, holes that permeate through 
the entire Si wafer were drilled using a tightly focused laser which works by continuously 
heating the sample and removing material by evaporation. During the laser drilling, some of the 
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evaporated Si was deposited at the sidewalls. To achieve smooth sidewalls, a second round of 
KOH etching was performed. The pixel array was then sputter-coated with silver as the reflective 
layer. 
 
5.2.3. Fabrication of bPDMS 
Thin bPDMS membranes are prepared on bulk PDMS substrates for support.  All clear 
PDMS is prepared by mixing Sylgard 184 (Dow Corning) Parts A (base) and B (intiator) in a 
10:1 ratio, respectively.  Bulk clear PDMS is first prepared and the mixture of Parts A and B is 
degassed and cured in a 70°C oven for > 3 hours.  The bulk PDMS substrate is then treated with 
No-Stick [trichloro(1H,1H,2H,2H-perfluorooctyl)silane, Sigma Aldrich] and a thin layer of clear 
PDMS is then spin-coated on top at 1500 rpm.  This layer is cured for one hour at 70°C.  Black 
PDMS (bPDMS) is then prepared by combining the Sylgard 184 base with Fe3O4 powder (Earth 
Pigments) in a 2:1 mass ratio.  This mixture is combined with a centrifugal mixer (THINKY 
MIXER, ARE-310) at 2000 rpm for 2 minutes and then manually mixed thereafter.  After the 
mixture homogenizes, the Sylgard 184 initiator is added in the same 10:1 part A:B ratio used for 
clear PDMS.  This solution is then mixed and degassed.  The bPDMS is then spin-coated at 5000 
rpm and cured at 70°C for one hour.  The membrane is encapsulated with a final layer of clear 
PDMS spin-coated at 4000 rpm and cured at 70°C for one hour.  The finished membrane can 
then be peeled off of the bulk PDMS substrate.  Holes in the bPDMS can then be manually 






5.2.4. Optical Characterization and Photoluminescence Measurements 
5.2.4.1. UV-Visible Spectroscopy 
Absorbance measurements of the QDs and the bPDMS and the DBR reflectance 
measurements were taken on a Varian Cary 5G UV-Vis-NIR Spectrophotometer nominally from 
300 – 800 nm, with a data interval of 1.0 nm and a scan rate of 600 nm min
-1
. 
The cap reflectance measurements were measured with an Agilent Cary Series UV-Vis-NIR 
Spectrophotometer with a diffuse reflectance accessory.  The sample was mounted inside of the 
accessory to obtain the measurement. 
 
5.2.4.2. Photoluminescence Spectroscopy 
The custom-built experimental setup for photoluminescence measurements can be seen in 
Figure 5.5.  A broadband light source is utilized and a monochromator transmits 440 nm light 
used as the excitation source.  A lens focuses the light onto a custom iris with a 6 mm radius 
opening that is directly mounted on an integration sphere.  On the iris, the QD-PLMA sample is 
mounted on a DBR and a silver sputter-coated cap is placed atop the QD-PLMA sample (Fig. 
5.1).  This assembly is taped down onto the custom iris.  A CCD camera detects the 
photoluminescence.  To collect the input, or excitation source, intensity, the custom iris is 
mounted on the integration sphere with solely the DBR in place for the single pixel experiments.  
The input intensity for the micropixel array is measured with a ‘blank’ Si micropixel array mold 
(i.e., without the QD-PLMA filling the mold). 
 
5.2.4.3. Angular Detection of Photoluminescence 
An Argon laser emitting at 488 nm was used as the excitation source. The laser beam went 
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through a beam expander to increase the spot size and hit the sample stationed at the center of a 
custom-made swivel arm. At the end of the arm (10” from the center) sits a fiber optic cable 
connected to a Si spectrometer. Intensity measurements were recorded at every 5 degrees and 
fluorescence intensities were integrated using a computer script. 
 
5.3. Results and Discussion 
5.3.1. Optical Microcavity Design Architecture and High-Quality Materials Selection 
We propose to replace the color filters in conventional LCDs with a luminescent cavity. 
Figure 5.1.a displays the single pixel design, comprised of an enclosed reflective cavity. The 
back surface utilizes a distributed Bragg reflector (DBR) to transmit the excitation wavelengths 
into the cavity, and the remaining interior surfaces are designed to be highly reflective to support 
photon recycling; a pinhole opening on the front surface serves as the extraction point of light 
from within the cavity. A luminescent waveguide, QD-doped poly(lauryl methacrylate) (PLMA), 
sits inside the cavity. Figure 5.1.b shows absorption and emission of the QDs used in this study. 
These core-shell CdSe/CdS QDs absorb strongly in the blue and ultraviolet wavelength ranges 
(black, Fig. 5.1.b) and emit at a center wavelength of 630 nm (red, Fig. 5.1.b). Notably, these 
QDs have very little absorption in the range where they emit, leading to very few reabsorption 
events (a key parasitic loss in LSCs).
[32, 33b, 33c]
 Further, the QD emission has a narrow linewidth 
(full-width at half-maximum, FWHM, of 31.6 nm) rendering color filter elimination possible. 
The DBR is composed of a deposited multilayer stack of transparent oxides and is used as the 
back surface, designed to be highly transparent at the excitation wavelength (440 nm) and almost 
100% reflective at the emission wavelength of the QDs (630 nm, Fig. 5.1.c). The interior 
surfaces of an aluminum cap are sputter-coated with silver to create the rest of the reflective 
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cavity, exploiting the high reflectivity of silver at the wavelength range of interest.
[188]
 Custom 
aluminum caps were machined for this design and due to inconsistencies during processing and 
polishing, we determined a threshold of reflectance for the caps as poor reflectance was 
detrimental to the extraction efficiency. Figure 5.2.a shows the diffuse reflectance for a set of 
sputter-coated aluminum caps along with the threshold that we chose (> 90% at 630 nm). 
The second key component of this design implements an absorbing material on the external 
surface of the device. Here, thin membranes of poly(dimethylsiloxane) (PDMS) mixed with iron 
oxide nanoparticles (defined as black PDMS, bPDMS) were used as a black absorbing material. 
Figure 5.2.b shows the absorbance spectrum of a thin (ca. 50 μm) bPDMS membrane.  
Each pixel can be individually addressed by introducing a blue backlight behind the DBR. As 
opposed to conventional LCDs, which use a broadband light source, our source has a very 
narrow linewidth with a FWHM of 5.4 nm. In a full-color (i.e., RGB) display, green- and red-
emitting QDs may be used to generate these two colors and the light source itself can be used 
directly to generate the blue color. As a proof-of-concept, we use QDs with emission at a center 
wavelength of 630 nm, but the unique optical design principals can be easily translated to 
extended materials sets (i.e., QDs with varying emission). In this way, an RGB display is 
realized that minimizes parasitic absorption of the backlight as the blue backlight in this design 
gets absorbed by QDs, but is then re-emitted and directed outwards with limited loss due to the 
highly reflective interior surfaces and selective reflectance of the DBR.  
Previous work on LSCs suggests that the luminophore should be considered very carefully 
and that it should satisfy multiple requirements.
[32, 33b, 33c, 161]
  These include a large Stokes shift 
to prevent reabsorption, high quantum yield, and the polymer matrix that surrounds the QDs 
should prevent scattering of photons and be overall non-absorbing. Figure 5.1.b clearly shows 
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the large Stokes shift of the CdSe/CdS QDs, minimizing reabsorption, and their high quantum 
yield in solution results in a quantum yield of 77.7% embedded in the polymer matrix. The large 
improvement in reabsorption is further illustrated when comparing the synthesized CdSe/CdS 
QDs to commercial QDs, as seen in Figure 5.3.  The commercial QDs show a peak that is 
directly related to a reabsorption event due to their smaller Stokes shift. The large Stokes shift of 
the CdSe/CdS QDs has previously been optimized by manipulating shell thickness (CdS) to 
dictate the absorption spectrum and can also be tuned via core size (CdSe).
[33b, 33c]
 Finally, the 
polymer matrix we use, PLMA, exhibits high transmittance (Figure 5.4) and does not cause 
aggregation of the core-shell QDs (a source of scattering within the matrix). 
 
5.3.2. Extraction Efficiencies of a Single Pixel Luminescent Cavity 





where IPL is the intensity of the photoluminescence of the assembled device and IS is the intensity 
of the excitation source (i.e., transmitted intensity through a device with no luminescent film). 
An in-house fluorometer setup with an integration sphere was used to measure light intensities 
with a CCD camera; a schematic of this setup can be seen in Figure 5.5. IPL and IS were 
calculated by integrating the measured counts at the wavelength range of interest.  
Control experiments were done to validate the characterization setup with no film inside the 
optical microcavity. Aperture areas, defined as the area of the opening over the total area of the 
top surface, of 2.8% and 11% showed 3.0% and 9.9% of the excitation source leaking through 
the device, respectively. These values agree well with the aperture area values (i.e., 2.8% and 
11%) as expected. As an additional control, we measured devices with an undoped PLMA film 
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(i.e., no QD) and observed 3.0% and 9.9% of the excitation source leaking through, illustrating 
the high transparency of the PLMA matrix.  
Figure 5.6.a shows the measured spectra of the excitation source (shown in black) and 
sample photoluminescence (shown in red) from a sample having an 11% aperture area. The 
extraction efficiency of the sample is calculated to be 40.9%, which is significantly better than 
the theoretical maximum possible efficiency of an absorptive color filter of 33.3%.  The QD 
films do exhibit transparency to the excitation wavelength, which was observed to be only 0.7% 
of the source light for the 11% aperture area. Should this leaked light become significant, it 
might be desirable to add an optical element such as a bandpass filter on top of the cavity to 
absorb this undesired leakage.  Images of a single-pixel device with and without ambient lighting 
are shown in Figure 5.7.  Here, a bPDMS film is placed on top of the assembly for an enhanced 
contrast ratio, as discussed above. 
Monte Carlo ray tracing simulations further corroborate our experimental data and illustrate 
possible efficiency enhancements with various materials improvements. Monte Carlo models are 
regularly used to simulate LSCs to predict device performance.
[189]
 Here, we use a modified 
version of an LSC model used in previous works.
[33c]
  
There are multiple factors that affect the efficiency of the devices, of which one easily 
tunable factor is aperture area. A larger aperture area results in higher efficiencies due to fewer 
necessary reflections within the cavity, ultimately minimizing losses associated with multiple 
non-unity reflections. Larger apertures, however, directly affect how much of the top surface 
area is covered by the absorptive layer, resulting in a reduced ambient contrast. Hence, there is 
an inherent trade-off between ηextract and the ambient contrast ratio. To this end, we measured 
efficiencies of devices with six different aperture areas, from 0.17% to 84% and these results are 
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shown in Figure 5.6.b, where the diamonds refer to experimental results and the simulation 
results are shown in blue. Experimental results show that ηextract can be modulated from 35.8% to 
51.3% with varying aperture areas. The simulation matches well with the experimental data at 
smaller aperture areas, but there lay a discrepancy at larger aperture areas. We attribute this 
difference to the machined aluminum caps, which introduces deviations from the desired 
reflectance, particularly at the corners of the interior surfaces. Larger aperture area caps are 
predominately comprised of these corners and exhibited reduced reflectance compared to the 
smaller aperture area caps. We propose that reflective caps fabricated with high quality, flat 
optical surfaces could mitigate this discrepancy and would follow the simulated efficiency 
results. 
In addition to the aperture area, another important factor affecting ηextract of the device is the 
quantum yield of the luminescent layer. Higher quantum yields result in a higher efficiency due 
to suppression of non-radiative processes. Figure 5.6.c illustrates this dependence of quantum 
yield on a device with an 11% aperture opening. In the case of unity quantum yield, the 
simulation predicts an efficiency of 57%, which is nearly twice that of the conventional color 
filter array (i.e., 33.3%).  
Loss of efficiency in the extraction of photons from the aperture also stems from imperfect 
reflectance on the interior surfaces of the cavity. A fraction of the emitted light will be absorbed 
by the metal layer, reducing ηextract. The simulations assume a reflectance of 96% for the interior 
surfaces that are silver sputter-coated, which is comparable to the measured value (Figure 5.2.a). 
Figure 5.6.d shows the simulation results of devices with varying interior surface reflectance for 
three different quantum yields. As expected, ηextract increases with surface reflectance due to 
minimized absorption losses by the metal layer. 
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One of the most important aspects of a display that dictates its specific application is its 
viewing angle.
[190]
 Wide viewing angles are usually preferred for large displays and televisions 
whereas small, portable electronics typically employ narrow viewing angles focused on directing 
emission normal to the surface for single-user purpose.
[191]
 We measured the luminance of the 
device at every 5° and compared the results to a ray tracing simulation (Figure 5.8.a). The 
measured luminance shows a broad viewing angle with a dip at the normal direction whereas the 
simulation predicts the highest luminance at 70°.  Here, the luminesced light trapped within the 
waveguide is traveling laterally and the photons with a higher emission angle are more likely to 
escape the device, explaining the higher luminance at high angles. The experimental study, 
however, uses a QD film that is not optically smooth as seen in the AFM images in Figure 5.8.b 
and Figure 5.8.c for a PLMA film and QD-PLMA film, respectively, which may explain the 
deviation from the simulation. It is important to note that a fully assembled display is a 
multilayer structure, which can introduce complexity to the emission pattern
[19b]
 and additional 
optics could be required to modify the viewing angle as needed.
[192]
 
Finally, the lifetime of this design is important to consider for potential use in an electronic    
display.  Unprotected QDs (i.e., QDs in solution without protective ligands) are sensitive to air; 
however, incorporating said protective ligands and further, suspending the QDs inside of a 
polymer matrix both minimize degradation from exposure to oxygen and moisture. To verify the 
longevity of the proposed device, we tested the performance of a freshly prepared device and 
compared its efficiency to the same device after being exposed to ambient conditions (air and 
white light) for 50 days. The change in emission intensity can be found in Figure 5.9. The 
decrease in extraction efficiency is found to be less than 3% with no change in the leakage of the 
device. This small decrease in efficiency is promising for a device based on our QD films, 
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demonstrating potential for long-term stability without modification. 
 
5.3.3. Micropixel Array Demonstration for High Extraction Efficiency, High Ambient 
Contrast Ratio Displays 
The single pixel demonstration serves to optimize the optics within the cavity and study the 
physics of the proposed architecture; however, it is not of reasonable dimensions for a pixel in a 
display panel and further, it demonstrates only one, single pixel. The current portable electronics 
industry demands displays with large pixel arrays, where each pixel is on the order of 
micrometers in size. The following section introduces a micrometer-sized pixel array using the 
strategies studied above. 
Figure 5.10.a shows the schematic of a microscale pixel array. Individual pixels are 
fabricated by polymerizing QD films inside of fabricated holes and can be individually addressed 
with light sources placed underneath each pixel. Conventional LCDs use a single backlight and 
turn the desired pixels on and off by applying an electric field, which controls the polarization of 
the liquid crystals to either block or transmit the emitted light. Our microcavity design is not a 
complete display but a subcomponent without liquid crystals, so we utilize individual light 
sources for each pixel. The mode of operation is very similar to the single pixel design.  
The microscale pixel array is fabricated from a thin silicon wafer. Figure 5.10.b illustrates 
the microfabrication process flow. First, a thin layer of Si3N4 is deposited on the Si wafer as a 
mask layer for a subsequent KOH wet etch. The holes (pixels) are patterned via standard 
photolithography and the Si3N4 layer is then selectively etched to expose the Si. An anisotropic 
etchant, KOH, is used to etch Si, resulting angled sidewalls.
[104a]
 Holes that permeate through the 
entire Si wafer are laser drilled and Figures 5.10.c and 5.10.d show SEM micrographs of a 
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fabricated pixel array post-laser drill. The fabricated pixel array has square pixels with 
dimensions of 240 µm on each side and the diameter of drilled holes are around 80 µm, giving 
an overall aperture opening of 9%. The pixel array is then sputter-coated with silver as the 
reflective layer. Afterwards, polymerization of the QD-PLMA film inside the holes is performed 
by using a PDMS slab as a temporary substrate on the back side to prevent leakage of the QD-
LMA monomer solution prior to polymerization. A polymerized sample is shown in Figure 
5.10.e, where the high reflectance of the silver sputter-coated film is apparent. The final step is to 
apply an absorptive material over the external surface of the device; here, we use a thin 
membrane of bPDMS. The pixel size of our fabricated device is comparable to current electronic 
devices, for example, a 15” Apple MacBook Pro’s three-color filter array has a pitch of 231 
µm
[193]
 which is approximately three times that of our single pixel size (i.e., 80 µm). 
A sample with 69 pixels was used to measure ηextract of the optical microcavity array. For the 
micropixel array sample, we define IS as the intensity of light at the excitation wavelength with 
an empty pixel array (i.e., prior to polymerization). The output, IPL, is then measured after 
polymerization with the QD-PLMA film. ηextract is then calculated from equation 5.1, as before. 
Figure 5.10.f shows ηextract and the excitation source light that transmitted through (i.e., the 
leakage). The ηextract of this micropixel array is calculated to be 52.2% with a leakage of 20.1%. 
Increasing the optical density of the QD-PLMA film might result in a higher ηextract by reducing 
the transmittance through the film, thereby reducing the leakage. 
Images of the micropixel array with randomly patterned pixels under various ambient 
conditions are shown in Figure 5.10.g. The image in Figure 5.10.g.i is taken when the backlight 
is on at low ambient light and the light emission is clearly seen for each pixel. The right image 
(Figure 5.10.g.ii) shows the device when the backlight is on while in an environment with 
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considerable ambient light and here, light emission is still observed for each pixel.  The image in 
the inset of Figure 5.10.g.ii shows the device when the backlight is off and there is substantial 
ambient light. In this environment, the device benefits from the absorptive bPDMS and is 
perceived as a black film. This demonstration shows a path forward towards a device that can be 
read without difficulty in sunny or high ambient light environments, a feat solely possible 
through the highly absorptive bPDMS thin film atop the device. 
A prototype of a display utilizing the micropixel array and a custom-made printed circuit 
board is demonstrated by individually addressing pixels to display several letters and symbols 
(Figure 5.11). A sample containing 9 micron-sized holes can be individually turned on or off via 
a manually controlled LED array. Since the optical density of the QD film in this demonstration 
is relatively low, a non-trivial amount of excitation light from the blue LEDs make it through the 
pixel array without getting absorbed and a bandpass filter is used to block this leaked blue light.  
 
5.4. Conclusion 
Demonstrated in this chapter is a luminescent cavity design aiming to replace low efficiency 
color filters in LCDs and extending the design to account for ambient light with the addition of a 
black absorbing layer in the interstices of the pixel array.  Our single pixel luminescent cavity 
represents the ultimate design for a high efficiency pixel, with ηextract of 40.9% for an 11% 
aperture opening.  Key elements in this design that give such a high efficiency include high 
quantum yield quantum dots that have a large Stokes shift to reduce reabsorption losses within 
the luminescent waveguide as well as highly reflective sidewalls.  These sidewalls are especially 
vital to optimize as the luminescence is trapped via the TIR modes of the waveguide, directing 
photons to the sidewalls of the cavity.  Reflectance values < 90% are too poor to realize high 
141 
 
extraction efficiencies and on the opposite side of the spectrum, if these values are increased 
further, ηextract > 50% could be realized.  A micropixel array mold is fabricated with a thin Si 
wafer that relies on traditional Si processing, easily adapted to many industries that have similar 
processing capabilities.  The finished micropixel array demonstrates an ηextract of 52.2%, with a 
high amount of light leaking through due to the transparency of the thin QD-PLMA film.  The 
final aspect of the design implements a bPDMS membrane fitted atop of the multipixel device, 
which has a significant impact on the amount of ambient light reflected back at the viewer.  
Overall, this luminescent cavity design improves ηextract substantially and can be utilized with 
other QDs with varying emission to create a high efficiency RGB pixel array, replacing low 








Figure 5.1. (a) Schematic of a single-pixel prototype. (b) CdSe/CdS QD absorbance (black) and 








Figure 5.2. (a) Silver sputter-coated aluminum cap reflectance for many different caps.  The 
threshold highlighted in red refers to caps that were discarded.  The vertical black dashed line 










Figure 5.3. Absorbance of commercial QDs (black) compared to synthesized CdSe/CdS QDs 
(red).  The peak of the commercial QDs around 560 nm related to reabsorption is absent in the 




















Figure 5.5. Schematic of the photoluminescence spectroscopy setup used to measure the extraction 












Figure 5.6. (a) Excitation intensity (black) and photoluminescence intensity (red and inset) of the 
single pixel prototype. (b) Extraction efficiencies for varying aperture areas of the single pixel 
prototype.  The red arrow points to current LCD color efficiencies. Experimental results are in 
black and a Monte Carlo simulation is shown in blue. (c) Simulation of extraction efficiencies for 
QDs with varying quantum yields. (d) Simulation of extraction efficiencies for varying cap 








Figure 5.7. Images of the single pixel demonstration with no ambient light (a) and with 











Figure 5.8. (a) Experimental (black) and simulated (red) angular emission of the single pixel 



















Figure 5.10. (a) Schematic of a micropixel array. (b) Fabrication process of the micropixel array. 
(c,d) SEM of the Si micropixel array mold. (e) Image of a polymerized micropixel array 
demonstrating the high reflectance of the sputtered silver. (f) Input excitation intensity (black) and 
photoluminescence intensity (red) of the micropixel array. (g) Images of the micropixel array (i) in 
the dark when the excitation is on and (ii.) under substantial ambient illumination while the 











Figure 5.11. Images from the micropixel array demonstration illuminating (a) the letters UIUC (b) 
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